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1. INTRODUCTION

An important factor in the development of high power solar array systems for space

vehicles is the weight penalty associated with the power distribution network. In

conventional solar army power systems cells with a bandgap of approximately 1 volt are

connected in series to achieve an array voltage of 32 volts, which is regulated to a constant

28 volt level. A large assembly of these arrays, ganged in parallel, are used to meet the

power requirements of large space vehicles. As the need for even larger (> 10 kW) power

systems arises, it has become apparent that significant savings can be obtained by operating

these arrays at higher voltages. This mode of operation, accomplished by connecting a

larger number of cells in series, alleviates the need for much of the power distribution
network.

However, interaction of the high voltage ends of the arrays with the ambient space

plasma found in low earth orbit leads to surface flashover for positively biased components

and arcing in negatively biased components. Experiments conducted on both the PIX I and

PIX II experiments showed that the arc frequency, was dependent on both the bias voltage

and plasma density 1"3. Numerous experiments 4-13 conducted in space plasma simulation

chambers using negatively biased cells have noted the occurance of several common

phenomenon:

Q An apparent threshold for arcing near -200 volts and a steep dependence of the

arc rate on bias voltage.

. A conditioning of the cells manifested as an initially high arc rate which then
decreased to a constant level in time.

. A propensity for the cells to arc at "triple junctions" occuring at the

interconnect region or along the cell/cover glass interface.

Two distinct mechanisms are advanced to explain the propensity for arcing in these

arrays. Dielectric breakdown of a thin layer of insulating contaminant covering the metallic

interconnect has been proposed to explain arc initiation by Parks, Jongeward, Katz, and

Davis 14. In a plasma environment ions are attracted to the surface of the contaminant layer

by the negative potential of the underlying interconnect, neutralizing the layer's surface. The

large internal fields generated across the contaminant layer lead to emission across the

interface and vaporization of the contaminant. The discharge is sustained via electron

ionization of the vaporized layer. Hastings, Weyl, and Kaufmann 15, 16 have proposed that

arcs are generated by the desorption and ionization of neutral molecules from the surface of

the cover glass as a result of electron emission from the interconnect. The available

experimental evidence provides confirmation for neither theory.

A first step towards the use of high voltage solar array panels is being taken in the

design and construction of Space Station Freedom (SSF). Current design specifications call

for the solar array power system to operate at 160 volts with the negative end of the array



servingas ground. This voltage was chosen because arcing of the array system was not

believed to be significant at these voltages. A schematic diagram of the station is shown in

Figure 1. Ground return for the array panels is provided through the truss assembly, which
is constructed of anodized aluminum. The behavior of the array system in LEO depends in a

complex manner on the interaction of the array with the surrounding plasma. Figure 2

shows a simplified equivalent electrical diagram for the SSF power system. The floating

potential of the station components with respect to the space plasma depends on the current

collecting characteristics of the array and structural components. These parasitic currents

must be minimized to reduce sputtering of the spacecraft surfaces. In addition, the ratio of

the electron and ion currents must be managed to insure that the voltage (with respect to the

space plasma) attained by spacecraft components does not exceed the dielectric breakdown

strength of the materials or coatings.

When fully insolated, current models of the SSF environment predict that electron

collection by the array cell edges and interconnects will drive the return side of the array to -
130 volts 17. Thus the anodized aluminum coating on the truss (which is an insulator) must

be capable of withstanding the -130 volt bias. The anodized coating is present primarily as a

thermal control surface. Current specifications call the for ratio of the visible absorptivity

to the IR emissivity of the coating to have a value of 0.9. This requirement has driven the
anodization of the aluminum towards a chromic acid process that results in a coating

thickness on the order of 0.07 to 0.10 mils (1.8 to 2.5 #m). Measurements of arcing

thresholds for these films reported by Carruth et al.17 at NASA Marshall and Grier et al.18

at NASA Lewis have shown these coatings to have a breakdown threshold of-120 to -140

volts. Furthermore, extensive sputtering of the arc site is noted as is a propensity for site to

arc repetitively and at lower bias voltages once formed. Measurements conducted on a

somewhat thicker (0.2 rail or 50 #m). coating produced by a sulfuric acid process have been

observed to arc at -500 to -600 volts in. However, once an arc site is formed arcing is

observed to occur at voltages as low as -140 volts at these sites. While the sulfuric acid

process coating would appear to be ideal from an electrical standpoint, the IR emissivity of

the coating is too high and results in excessive cooling of the structure.

Ion collection by the structure is enhanced by coating as many surfaces as possible

with Z93 thermal control paint, which has been shown to be a conductor 19. The ability of

Z93 to perform as a conductor in a space environment has recently been called into2c_uestion
following tests at NASA Lewis Research Center and Cleveland State University./'`.'' In

addition, to reduce electron collection by the array cell edges, it has been proposed to allow

the DC93-500 adhesive used to bond the protective cover slips to the cells to coat the cell

edges - forming an insulating layer. Concerns regarding sputtering and outgassing of the

adhesive, resulting in contamination and possible degradation of nearby components, have

been expressed and this concept remains under evaluation. Finally, the use of a plasma
contactor to counter electron collection on the structure and raise the spacecraft potential has

been proposed. However, these devices consume substantial amounts of power and are

electrically noisy.
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The discussion presented above illustrates the interrelated nature of the problems

associated with operating these arrays at high voltage. The performance of the entire system

hinges upon the interplay between the power, thermal control, contamination management,

and communications systems. At the heart of this interplay is the interaction of these biased

structures with the LEO plasma environment.

The efforts described in this report seek to discover and mitigate the fundamental

processes that are responsible for arcing and, to a lesser extent, parasitic current collection.

The approach is two-fold, with an experimental investigation of these processes coupled to a

theory and modelling effort. The goal of the approach is the use of the experiments to

uncover the physical processes responsible for arcing. The processes are then generalized

within the theory and modelling effort to enable prediction of arcing phenomenon for

different physical configurations and compositions. The efforts addressed two primary

issues: 1) the arcing of negatively biased solar cells placed in an LEO plasma environment

and 2) the arcing of anodized aluminum coatings to be employed on the SSF truss structure.

This work is described in Sections 2 and 4 respectively. In the course of investigating the

arcing of solar cells, it became apparent that the interaction of DC93-500 adhesive with the

space plasma and ambient environment was a key factor in determining arcing rates. This

adhesive is used to bond the protective cover slips to the solar cells. Therefore, we

investigated this phenomenon in more detail. These results are presented in Section 3. The

development of a theory to address the arcing of solar cells in an LEO environment is

presented in Section 5 and is coupled to comparisons with both flight (PIX II) and laboratory

(present work) data. Finally, recommendations and conclusions based on both the

experimental and theoretical investigations are presented in Section 6.



2. EXPERIMENTAL INVESTIGATIONS OF SOLAR CELL ARCING

Therehavebeen numerous laboratory investigations of both solar cell arcing and

parasitic current collection under negatively biased conditions in an LEO plasma
environment. 4-14 In contrast, there have been a significantly fewer number of flight

investigations. In general, the major difference between the two Woe of measurements have
been the use of relatively high density rare gas plasmas _10 5 to 10_ ions cm "3) in laboratory

systems compared to the much lower density (10 z to 104 ions cm"_), largely oxygen plasmas
found in LEO. Given the apparent scaling of are rate with plasma density obtained in the

PIX II flight data and other disparities in measurements, the validity of ground testing for

these systems is constantly at issue. This situation is aggravated by the sparse and often

compromised quality of the flight data 1"3. The chief concerns in the comparison of ground

and flight data are the possibility that oxygen plasmas play an additional chemical role in

arcing behavior and that, as the plasma densities are lowered in test chambers, sheath sizes

become comparable to the chamber dimensions. In the latter regime, the fundamental nature

of the interaction may change.

2.1 Approach

Our measurement program was not targeted at measuring accurate arcing rates for

specific array configurations, i.e. quantitative comparisons with flight data was not a primary

goal of the effort. Previous work on the theory of arcing, developed under Phase I of this

effort, 15,16 had indicated that surface contaminants and microscopic surface structures might

play a role in arc initiation and maintenance. Hence, a primary goal of this effort was the

conduct of arcing measurements under conditions where surface composition, structure, and

contamination could be controlled and verified.

A key feature of this work was the conversion of an ultra-high vacuum (UHV) surface

science chamber to a space plasma test facility for the conduct of these measurements. The

facility will be described in greater detail below. However, it must be emphasized that the

ability to control the chamber pressure at the 10 -9 torr level was a primary factor in

determining the role of the DC93-500 adhesive in solar cell arcing. Furthermore, the use of

in situ diagnostics, such as Auger and mass spectroscopy, enabled us to understand and

control both the surface and gas phase compositions. Finally, our effort was one of the first

to employ quantitative optical imaging of solar cell arcing and to correlate optical emission

with arc strength. The use of a gated and intensified CCD array camera system enabled us

to determine the location of arcing sites in real time and was a valuable tool in the

identification of adhesive as a participant in the arc process.

Early in the conduct of these measurements three issues arose concerning the

reporting of arcing phenomenon: 1) how does one define an arc, 2) how does one (or can

one) measure an arcing threshold, and 3) what are the appropriate conditions for making

arcing measurements. Our experiments in general noted that solar cell discharge

phenomenon fell into two regimes. One regime was characterized by frequently occurring

6



discharges,short in duration(-50 ns), which dissipatedlittle chargeand had a
immeasurableimpacton the measuredcell voltage. Interspersedwith thesesmall arcs (or
pre-arcs)were larger events,of I to 5 #s in duration, which transferred significant amounts

of charge from the array to the surrounding plasma and resulted in a significant (5 percent)

reduction in the cell voltage. The shorter arcs produced no detectable optical emission

while, as will be seen, optical emission from the larger arcs could be directly correlated with

the amount of charge dissipated. From a power system perspective, the shorter duration arcs

would have a negligible impact on power delivery while the larger arcs could significantly

reduce the amount of power available to the spacecraft. We chose as an operational

definition of an arc one in which the observed voltage drop was greater than 5 percent of the

bias voltage and where optical emission was detectable. The latter constraint was imposed to

eliminate the counting of arcs which might originate from sites other than the solar cell, such

as exposed leads. Arcing of leads was a problem uncovered early in the program and

corrected, but the optical emission constraint was continued to guard against the possible

failure of a performing lead system.

A constantly recurring question in the performance of the experimental effort was the

issue of a threshold for the arcing process. From a system standpoint, operation of an array

below the threshold would insure no deleterious effects due to the arcing process. For there

to be a true threshold for the arcing process there would have to be a part of the process that

was energetically unfavorable below a given bias voltage, such as a sputtering process or

secondary electron emission. In the laboratory, or in a flight experiment, one measures

arcing rates and looks to find a voltage below which arcing is never observed. In practice,

arcing rates become negligible as one approaches the -100 to -300 volt regime, with the time

between arcs approaching the available measurement time. The measurement in time in the

laboratory is often restricted by the lifetime of the plasma source or the affordability of the

vacuum chamber test time. In flight the plasma conditions are constantly changing during

the orbit, which limits the ability to make the prolonged observations required to measure
low arc rates.

The use of larger arrays to measure arcing rates at low voltages could, in principle,

improve the measurements by increasing the number of arc sites. However, in practice arcs

from different parts of the array are correlated through depletion of surface charge on large

parts of the array from an are occurring at a single site. Thus, in low plasma density

environments the arc rate is determined by the recharge rate of the array dielectric surfaces

and the arcing rate of the site with the lowest threshold. Hence, measurements of arc

thresholds are much more likely to reflect the ability of the experimenter to count low arc

rates than the discovery of a true threshold. These measurements may not be particularly

relevant, since the SSF power system must perform for periods which are orders of

magnitude longer than any controlled experiments performed to date. Our approach to

addressing this issue is to understand that we can only determine a bound for the threshold

and instead look for changes in the cell design processing which have a significant impact on

the measured arc rate. In general, the approach seeks to eliminate arcing sites altogether and

avoid a semantic discussion of arcing thresholds.

7



Finally, many efforts have noted a reduction in cell arc rates over time at a specific
bias voltage, or a conditioning of the cell. In general, the rate of conditioning is accelerated

at higher bias voltages. Thus, arc rates measured on an unconditioned cell could be a
convolution of the true arc rate with the conditioning process. Our approach to avoiding
these artifacts has been to condition the cells at -1000 volts bias until the arc rate stabilizes at

a fixed value.

2.2 Experimental Apparatus

All experiments were conducted in the previously mentioned ultra-high vacuum
chamber. The chamber is a 21 in. long by 10 in. o.d. cylinder in which all ports are sealed

with Cu zaskets and knife edge flanges to allow operation at pressures as low as
2 x 10"ll'torr. The chamber is shown schematically in Figure 3 and described below. In

the forward section of the chamber are four 6 in. clear aperture ports employed for operation

of sample diagnostics. An Auger electron spectrometer is located on the top flange and may

be positioned to within 0.25 in. of the sample for surface analysis. A differentially pumped

quadrupole mass spectrometer (0 to 300 ainu range) is located on the lower port and is
configured to detect species desorbed from the sample as well as the background
environment. Ports on either side of the chamber and on the end wall are available for

optical access. In these experiments the end wall port is used for optical access and may be
equipped with a fast, low resolution optical spectrometer for discharge characterization. A

camera system may be employed to photograph arcing events from this port as well. One of

the side ports is fitted with the plasma source. The end-wall of the chamber may also be

equipped with a retarding potential electron energy analyzer which may be employed to

sample emission from the surface.

In the mid-section of the chamber four small access ports are provided for pressure

measurement (ionization gauge), gas dosing, and a 0 to 5 keV ion sputtering gun for sample

cleaning. In the rear section of the chamber ports are provided for a 1000 l/s turbomolecular

pump and sample viewing.

The samples to be tested are mounted in the cradle of a 5 degree-of-freedom UHV

sample manipulator which provides access to all of the forward ports in the chamber. High

voltage and low-voltage isolated feedthrough are currently available for precise electrical
measurements.

2.2.1 _. - The plasma source, which is a Kaufmann type charge-

neutralized ion source purchased from Ion Tech Inc., has been mounted on a vacuum flange

and slides into a full nipple extension attached to a 8 in. conflat flange port on the UHV

chamber, see Figure 3. The plasma source mounts using three 5/16-18 threaded rods.
These rods are threaded into a conflat flange at the back. The opposite end of the threaded

rods are supported by a circular aluminum collar concentric with the full nipple extension

port on the UI-1V chamber. The plasma source mounting bracket slides on the threaded rods
to allow the source to solar cell distance to be varied from 13 to 35 era. The three rods

8
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Figure 3. - Schematic drawing of the UI-IV chamber showing location of diagnostics.
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Figure 4. - Plasma source mounting arrangement.

are arranged in an optical mount pattern so that small angular adjustments may be
specifically and reproducibly set. A 2-3/4 in. OD conflat four-way cross was added to the

8 in. OD mounting flange to provide feedthrough access to the plasma source. A coil of thin

wall stainless steel tubing is used for the gas inlet line and allows the required flexibility.
ElectricaJ feedthroughs and UHV compatible electrical leads (18 in. long) were provided by

Ion Tech Inc., as part of the plasma source.

The ion source discharge parameters include: cathode filament current (CFC),

discharge current (DC), and discharge voltage (DV). The discharge voltage is nominally set
to between 90 and 100V, corresponding to the electron energy at the peak of the ionization
cross section curves for most gases. The discharge current is controlled by varying the

cathode filament current, i.e., thermoelectron emission rate through the filament temperature.

The cathode filament erodes in time, resulting in thinning of the tungsten cathode material

(its operational lifespan is about 10 to 20 hr). This thinning leads to a monotonic increase in

cathode temperature, emission rate and discharge current unless countered by reducing the
CFC. Nominal discharge currents are about 0.2A, corresponding to 18W of power

dissipation in the gas.

The ion beam parameters include: beam and accelerator grid voltage and current.
The beam current is the current leaving the discharge chamber. This current has two

components. The first component comes from ions that strike the accelerator grid and

appears as accelerator grid current. The second component arises from ions accelerated by

10



the accelerator grid to form a beam (jet or spray may be a better description). The

difference between beam current and accelerator grid current is the actual current that

propagates into the vacuum chamber. At high beam voltages the accelerator grid current is

typically less than 10 percent of the beam current. At low voltages, < 50V, these currents

are within the resolution of the sensors, or about 1 mA. The beam voltage sets the ion

translational energy when the ion (1) strikes a surface, or (2) crosses a plane at ground

potential. The accelerator grid voltage extracts ions from the discharge cell and repels

electrons back into the cell. The ion extraction efficiency is a complex function of the beam

and accelerator grid voltages, discharge cell-accelerator grid spacing and hole size, as well as

gas flow, gas temperature, and charge density in the discharge chamber of the ion source.

The neutralizer parameters include: neutralizer filament current, and filament emis-

sion current. Electron emission is controlled by the filament (heating) current. Typically,

the emission level is set so that there is a net positive current (beam current minus accelera-

tor grid current). The neutralizer filament is oriented along a diameter of the ion beam and

immersed in it at a distance roughly 2 cm downstream of the exit plane of the ion source.

The pressure in the UHV chamber is related to the argon flow rate in the ion source.

There is, however, a minimum flow rate for the ion source to be operational. Figure 5

shows the chamber pressure versus flow rate. As can be seen from this figure, the minimum

Ar pressure in the UHV chamber is 5 x 10 -6 torr. Figure 5 shows that the measured

pressure is in excellent agreement with the calculated pressures.
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Figure 5. - Comparison of predicted and measured UHV chamber pressure during

source operation
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2.2.2/_ngmuir Probe Measurements of Plasma Properties. - A planar and a

cylindrical Langmuir probes were constructed and mounted on translational stage, as shown

in Figure 6. The planar probe consisted of a 3.8 cm diameter copper disk, while the

cylindrical probe had a length of 2.34 cm, width 0.25 mm and was oriented parallel to the

incoming ion flow. Details of the electronics used to sweep the voltage and of the I versus

V characteristics of these probes can be found in Reference 22. We present here only the

results.

Translational

Stage
Probe

Vacuum Chamber

Plasma
Source

B-45(_

Figure 6. - Langmuir probe and solar cell mounting in UHV chamber.
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Most of the samples tested were positioned 34 cm downstream from the source and

the radial profile of the ion beam, obtained from a measurement of the ion saturation current

using the cylindrical probe, is shown in Figure 7. The beam is seen to have a diameter of

roughly 5 cm at half maximum. The plasma densities are presented in Table 1. As a

function of ion extraction energy, the electron temperature was found to be 1.25 eV

+0.15 eV and the ion spread energy was 7.5 eV. As discussed in Reference 22 and shown

in Figure 8, there is a sudden rise in ion current and density when the beam energy F_,o

exceeds 40 eV indicating that there is a dramatic increase in ion extraction efficiency above

E b = 40 eV.

15
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4.0
(-1.99")

B-5328

Figure 7. - Radial profile of ion saturation current, cylindrical probe.
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TABLE 1. - PLASMA CHARACTERISTICS

Beam Energy

(eV)
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Figure 8. - Saturation current (Is+) versus beam velocity (V b) for planar Langmuir probe.
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To investigatearcing behavior, standard plasma source conditions have been set for

all the arc test series. These conditions include: 90V discharge voltage, 0.2A discharge

current, 20 eV beam energy, 500V accelerator grid potential, and 1 mA electron
neutralization current. The source to interconnect distance is about 25 cm and the ion

saturation current is roughly 7 x 10 -7 A/cm 2.

2.2.3 Electrical Diagnostics. - Samples were placed in the UHV chamber and

mounted onto a Kovar plate which could be biased negatively with respect to the chamber

walls and to the ion beam. The biasing circuit and arc sensing circuit are shown in Figure 9.

Design and construction of the arc sensing circuit is based on an experiment

schematic by Snyder. 7 The data acquisition system used to record the arc time evolution is a

Heath Zenith PC-based 20 MHz real time digital storage oscilloscope. The oscilloscope A/D

channel senses a voltage drop across the 5012 resistor as charge stored in the capacitors flow

to the arc site. The time constant of the sensor is determined by the RC product of the 50f_

resistor and the 50 pf capacitance in series; i.e., 2.5 ns. Using a 13 MHz function generator

to simulate an arc event and the digital oscilloscope in the interleaved mode, we have been

able to confirm that the time response is less than 100 ns. For measuring arcs, which

typically last a couple of #s, this is adequate response time. The recharge time of the arc-

depleted interconnect by the power supply is controlled by the 10 M12 resistor, 100 pf

capacitor and series associated cable capacitance. This recharge time constant is on the order

I Power Supply I

10 Mr3 Ic

20 MHz Digital
Storage

Oscilloscope

1O0 pf I,

30 pf/ft

50pf

()

,_50ohm

Solar
Cell Plasma

Vacuum (lO-5torr)

B-5312

Figure 9. - Schematic for arc sensor circuit.
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of 1 msand thusdoes not contribute to observations made of the arc event in the 1 _s time

frame. This 10 Mfl resistor also acts to protect the power supply by limiting its current

output. The voltage drop across the 50fl resistor actually arises due to only a fraction of the

current drawn by the arc. This fraction corresponds to 50 pf divided by the total capacitance

in the system beyond the 10 Mfl resistor, and is approximately 0.1. The oscilloscope trigger

level acts as a threshold setting for arc current. Assuming the threshold is set at the 10 mV

level, the current flowing through the 50fl sensing resistor is 0.2 mA, but the corresponding

total current flow from the system is 2 mA.

2.2.4 Solar Cell Mechanical and Electrical Mounting. - Early experiments used solar

cells or coverslips mounted to insulated Kovar plates. These plates were biased using bare

copper wires insulated with Varaflex ©, a fiberous glass sleeving. Tests on biased leads

showed considerable arcing, see Figure 10.

Elimination of the high voltage lead arcing was necessary to continue meaningful

investigations of the solar cell arcing phenomena. This was accomplished by coating the

entire conducting lead with a teflon heat shrink tube. In addition, the attachment point was

placed in the shadow of the directed plasma source and the connection was recessed into the

thickness of a copper support. During the course of this effort the support for the

interconnect and solar cell was upgraded to facilitate the removal and insertion of different

configurations, see Figure 11. The new support was constructed from a 1/4 in. thick

rectangle of copper plate, just slightly larger than the rectangular Kovar interconnect plate.

Two screw mounted pinch points were included at the ends of the long axis and serve to hold

the interconnect plate and solar cell to the copper support. In this fashion the interconnect

and solar cell could be inserted and removed without disturbing the negative high voltage

lead, which is recessed and pinned into the back of the copper support. In the experiments

using an actual solar cell, the solar cell was attached with a very small amount of adhesive to

the interconnect/Kovar plate and the solar cell electrical lead was spot welded to the Kovar

interconnect plate. A careful procedure was used in the mounting of the solar cell to avoid

exposing the support adhesive to the plasma. Testing of the support and high voltage lead

showed over a factor of ten reduction in the arc frequency compared with previous

configurations and appeared to be declining with added exposure to the plasma. Ultimately,

these events fell below detectability and this configuration has remained intact since that

time.

2.2.5 I.IV Radiometer. - A UV radiometer, consisting of a Hamamatsu model R1220

solar blind photomultiplier tube in an EMI-GENCOM Model SRI/F housing was employed to

observe emission of light from the array test region. This tube provides an active

photocathode of about 3/4 in. in diameter, and response from 115 nm to about 305 nm with

- 0.2 quantum efficiency. For our measurements the air transmission cutoff at around

190 nm sets the lower wavelength bound. Our sensitivity for arc related light emission is

best in the UV. The detection of light emission in the visible is hindered by the bright

scattered light of the 3000 K tungsten filament used to space charge neutralize the output of

the ion source. During the experiment the radiometer was positioned at a vacuum

window/flange 6 in. from the solar cell. The window material is quartz and transmits
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Figure 11. - Exploded view of new copper support/negative high voltage lead.

greater than 90 percent of the light in this wavelength region. Signal from the radiometer

was passed to a Heath Zenith SD5000 computer digital scope (50 ohm input impedance)

operated at its maximum real time acquisition rate of 25 megasamples/s. Data is stored in

the PC-based scope and can be manipulated in a LOTUS ® 1-2-3 spreadsheet. Arc events are

captured by triggering the digital scope with the capacitively coupled arc sensor.

In addition to arc current flow, the change in bias voltage on the cell was recorded

using a Tektronix model P6015 high voltage probe. This probe provides a 1000 to 1

attenuation of the (AC/DC) voltage with better than 100 kI-Iz bandwidth. In single shot

mode, at voltages of 1 kV or less, we were able to confirm a bandwidth of better than

8 MHz. This probe was attached to the negative high voltage interconnect on the

atmospheric side of the vacuum feedthrough. For most of our testing the 3 pF of added

capacitance due to the probe was insignificant.

2.2.6 Optical Multichannel Analyzer Spectrometer. - This detection system used a

Princeton Instruments Optical Multichannei Analyzer (OMA) coupled to a Jarrei1-Ash 1/4m

monochromator to view and spectraly disperse emission from arc events. A 300 line/ram

grating in the spectrometer allowed us to disperse the 200 to 400 nm region in one spectrum

onto the 712 element diode array. This instrument possesses many advantages over a simple
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monochromatorand PMT device. The mostimportantis the multiplexadvantageof
detectingthe dispersedlight throughoutthe entire200 to 400 nm region for eacharc event.
Although the detectionsensitivityof the OMA is adequate,we were unableto measureany
signaluntil thefactor of 20 to 40 enhancementfrom larger circuit capacitancewas
implemented.

Our OMA experimentsproceededas follows. The diodearray intensifier wasgated
on for 5 #s, as triggeredby the output of the arc sensor through the digital scope. Some

inherent delay time through the intensifier pulse circuitry caused the initial 300 to 400 ns of

the light emission to be lost. This prohibits the collection of light from shorter duration arc

events. Experiments consisted of co-averaging many arc events on the diode array followed

by a background subtraction of an identical number of intensifier pulses without arc events.

Wavelength calibration was obtained with spectra of well known Hg lines from a penlamp

discharge source. Response corrections were evaluated using a standard lamp.

2.2.7 Intensified Army Camera. - Actual images of individual arc events were

•captured on the gated and image-intensif'led CCD camera system. The core of the imaging

system is a PSI designed and built intensified CCD array camera. The CCD camera is a

Model NXA 1060, manufactured by Amperex. A schematic diagram of the system is shown

in Figure 12. Custom software was developed which permits asynchronous control of the

camera and synchronization with the trigger source from the arc sensor. The intensifier is

gated on coincidentally with the trigger pulse for 5 _s in order to capture the arc emission

while eliminating unwanted background light. The camera system is calibrated against a

known responsivity detector so that, at any gain level, it is possible to relate the A/D level of

the pixel in the digital image to a number of incident photons. For this application the

camera was coupled to a Nikon F/4.5 compound quartz lens system and a UG-5 UV trans-

mitting filter to eliminate the unwanted visible glow of the hot tungsten filament.

2.3 Solar Cell Test Samples

Solar cell arcing tests were performed primarily on single 1 x 2 cm 2 silicon cells.

These cells were supplied to the effort free-of-charge by Spectrolab Inc., a primary supplier

of the 8 x 8 cm 2 cells to be used on the SSF array panels. A schematic diagram of the

construction is shown in Figure 13. The cell is comprised of a 150 #m thick AR-coated

fused silica cover glass attached to a 64 #m thick silicon cell with Dow Coming DC93-500

two-part RTV adhesive. This adhesive is a low volatility type which has been extensively

characterized in connection with spacecraft contamination studies. The cover glass extends

over the edge of the silicon cell on three sides by approximately 100 gm. A metallized

interconnect tab is connected to the cell along the 2 cm axis for current extraction. The

cover glass terminates where the current collection tab leaves the cell surface. A thin film of

adhesive acting as a buffer between the tab and the edge of the cover glass. The base of the

cell is coated with a multilayer metallization for bonding to the metallized tab on the next

cell in the array series. A photograph of the cell is shown in Figure 14.
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Figure 13. - Schematic diagram of Spectrolab 1 x 2 cm 2 solar cell construction.

Figure 14. - Photograph of Spectrolab 1 x 2 cm 2 solar cell - top view.
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The intersectionof theplasma,the solarcell metallizationor silicon, and the coverglass
form a triple junction. Thesejunctionsareknown to bea likely sitesfor high voltage
arcing. An extensiveexaminationof thesecells wasconductedto characterizethese
junctions. Figure 15showsanexpandedview of the undersideof a typical solar cell, where
the coverglassextendsover the silicon cell edge,takenusinga reversecontrastmicroscope.
The black regionsof thephotographshowwhereexcessDC93-500adhesivehasextruded
from beneaththecover slip during fabrication. The adhesivehas formedajagged and
somewhatirregular sealalong the edg_eof the silicon. A similar typeof constructionis now
being usedon both the SSF8 x 8 cm_ arrayand the AdvancedPhotovoltaicSolar Array
(APSA) cells. A recentinspectionof the arrayedgeson the 8 x 8 cells haveshown
approximate70 percentof thecell edgesareobscuredby theexcessadhesive.23

To investigatetheeffectsof excessadhesiveat thesetriple junctionsa sampleof thecells
were modified by removing theadhesive. Severaldifferent techniqueswere testedto remove
the adhesive. Theseincludedmechanicalabrasionwith small wire wheels, the useof small
dentaltools, and solventremoval. The useof wire wheelswaseffectiveat removing the
excessadhesivebut left small filamentsof adhesiveprotruding from underneaththecover
glass. Solventremoval usingDynasolve220, a commerciallyavailablecompound,was
effectiveat removing theadhesivebut the extentof removalwasdifficult to control dueto
the unevendistribution of the adhesivearoundtheedgeof thecell. Often the solventwould
removethe adhesivefrom beneaththe coverglass,which would not be acceptablefor flight
quality cells. However, for our operationalpurposes,thesecells were acceptableand were
usedin the measurementprogram. In Figure 16we showa view of the undersideof a cell
cleanedwith Dynasolve220. The treatmentclearly revealsthe silicon/coverglassjunction
and theextentof the, now clear, overhang.

Figure 15. Photographof undersideof Spectrolab1 x 2 cm2 cell.
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Figure 16. - Photographof undersideof Spectrolab 1 x 2 cm 2 cell cleaned with Dynasolve
220.

Additional concerns regarding the role of adhesives in arcing led us to conduct tests

on a silicon cell in which the cover slip was attached using an electrostatic bonding process.

This cell was furnished by the Advanced Power Technology group at Boeing. The cell was a

prototype which had no attached interconnect and a cover glass which had not been correctly

placed on the silicon, leaving two exposed triple junctions. This cell is shown schematically

in Figure 17 and a photograph is included as Figure 18. A limited range of tests were

conducted using this cell.

2.4 Electrical and Optical Characteristics of Solar Cell Arcs

The combined use of electrical and optical diagnostics for the detection of arcs

produced an interesting correlation. Typical current and voltage traces derived from the arc

sensors are shown in Figures 19 and 20. The current sensor trace (Fig. 19) shows a

discharge of approximately 2 #s in duration which is highly structured. The corresponding

trace for the voltage sensor reproduces the starting and terminating points of the arc but fails

to reproduce the structure observed in the current trace, due to the limited temporal response

of the voltage sensor. For this specific measurement the cell bias voltage was -1000 volts

and peak currents during the arc reached 30 mA. Note that the voltage trace indicate a

reduction in the cell voltage from -1000 volts to approximately -300 volts at the termination
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Figure 17. - Schematic diagram of Boeing electrostatically-bonded solar cell.

Figure 18. - Photograph of Boeing cell in Kovar mount.

24





0.034

0.03

0.026

0.022

•_ 0.018
i,-

o
o 0.014
,<

0.01

0.006

0.002

I I 1

0 1 2 3 4

Time (ps) s_ss

Figure 19. - Current flow to the arc event measured by a capacitively coupled arc sensor.

-0.2 I ' = I __ I

-0.4

-0.6
EL

_ -0.8

-1
0 1 2 3 4

Time (ps) s_ss6

Figure 20. - Change in interconnect potential as measured by the Tektronix high voltage

probe.

25



to approximately -300 volts at the termination of the arc. The arcs observed from these cells

span a range of currents and cell voltage reductions. The arc current can be related to the

cell voltage drop through the relation

aQ = c Av

where AQ is the total charge transferred in the arc, AV is the total voltage drop on the cell

during the arc, and C is the capacitance of the are sensor measurement system. Figure 21
shows the time running integral of the charge transferred for a single arc. The data exhibits

good correlation between the charge and the voltage sensors. Figure 22 shows the integral

of the charge transferred in an arc as a function of the total voltage drop. The slope of the

line formed from the plot, 53 + 0.05 pF, agrees quite well with the measured capacitance of

the arc sensor system, 52 pF.

The solar cell biasing system included the capability to add additional capacitance to

the ceil, in order to simulate the response of a much larger array of cells. This capacitance
could be varied from the inherent capacitance of the system of approximately 70 pF to a total

capacitance of nearly 800 pF. A significant observation of the arc electrical characteristics
was that the are duration was insensitive to added capacitance but that the arc current scaled

with added capacitance.
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Figure 21. - Integral of current flow of arc event shows remarkable similarity to the potential

drop curve.
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Figure 22. - The correlation of the measured charge dissipated in an arc event to the

interconnect potential drop verifies the arc sensor capacitance.

Arc data recorded simultaneously using both the arc current sensor and the UV

radiometer reveal a remarkable correlation between the two phenomenon. Figure 23 is a

scaled overlay of arc temporal evolution as seen by both sensors. The sensors reproduce

both the temporal duration of the arc as well as the fluctuations in arc intensity. Similarly,

signal from the UV radiometer shows a linear correlation with voltage drop on the solar cell

interconnect. This data is presented in Figure 24 for two applied cell capacitances, 70 and

780 pF. Since are current is also linearly correlated with cell voltage drop, a linear

correlation exists between arc current and optical emission from the arc. The correlation of

arc current with UV emission intensity remains linear with interconnect voltage drop at

higher capacitances. However, the efficiency with which UV photons are produced changes

with added capacitance. At a cell capacitance of 70 pF UV photons are detected with an

efficiency of 1.1 x 10 -4 per electron transferred in the arc. When the cell capacitance is

increased to 780 pF, the efficiency increases to a value of 2.3 x 10-4 per electron.

Two distinct conclusion can be derived from the optical emission data. The first

conclusion is that the emission is derived from a region which is thin target for the electrons

emitted from the are. In a thickly absorbing region the optical emission would scale with the

discharge energy, which is a quadratic function of the discharge voltage drop. The second,
somewhat less substantiated conclusion, is that some fraction of the emitting species are

produced from electron excitation of neutral species ejected from the arc site. This is
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suggested by the change in photon production efficiency with discharge energy. The

production of a locally higher gas density by the higher energy arc, which remains thin for

electron excitation, would result in an apparent increase in the photon production efficiency

while maintaining the linearity of the emission with arc current. The data supports the idea

that arc emission can be used as a quantitative emission of arc strength. Optical emission

from arcs could be used in an imaging configuration to remotely monitor arc rate,

strength, and location on large space structures in orbit.

2.4.1 Arc Spatial Imaging. - The use of an imaging system to monitor arc location

played a key role in many of the conclusions drawn from our efforts. The imaging system

was previously described in Section 2.2. Prior to commencing these experiments we had

believed that a primary arcing site on the cell would be the region where the protective cover

glass met the exposed metal interconnect. This site forms a triple junction. Images of arc
originating on the Spectrolab 1 x 2 cm 2 silicon cells showed that arcs were confined to the

other three edges of the cell. These edges were all characterized by a cover glass which

extended beyond the edge of the cell by approximately 100 tzm and the presence of excess

adhesive extruded from the cell/cover glass interface. Figures 25 and 26 show arcs observed

at the lower edge of a cell. Figure 25 is an image of a typical arc, showing that the arc

occurs over a spatial extent of approximately 500 t_m in diameter.

In Figure 26 two distinct arcs are observed spatially within a period which is

characterized by a single arc pulse electrically. Since the gate duration on the camera

Figure 25. - Typical CCD camera image of solar cell arc.
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Figure 26. - CCD camera image of double arc on lower edge of cell.

intensifier is short (5/_s) compared with the period between arcs (typically 100 ms), it is

unlikely that the camera simple observed two unrelated arc events occurring simultaneously.

A more appropriate explanation is the triggering of a nearby arc site by the first arc event.
This is an important observation since it is evidence for a mechanism of arc propagation

beyond the initial site. It would be reasonable to expect that the radius over which this

triggering event would occur could be related to the energy dissipated in the arc, since the

arc spatial extent is determined by the range over which neutral and charges species are

ejected from the substrate. Hence, the inherent capacitance of that portion of the array
coupled to the arc may have an impact on arc spatial extent through the triggering of
arcs on other, electrically isolated portions of the array.

2.4.2 Arc Spectra, l Imagin_. - Spectra of the solar cell arcs were recorded for the 1 x

2 cm 2 spectrolab cells, as received. Figure 27 shows a weak spectrum of an are recorded

with a total system capacitance of 780 pF at a bias of -1 kV. Emission from the O-H

(A2I;-X2II) transition at 308 nm is evident in the spectrum, even at low signal levels. Strong
features at 350 nm and 380 nm are also observed in the spectrum. The breadth of the

spectral features makes identification of the emitting species difficult. Strong emission lines

are present in this region from atomic cobalt, nickel, iron, and magnesium. Emission spectra
were also recorded from a solar cell are with a capacitance of XXX pF biased at a voltage of

-3 kV. Much higher signal levels are observed in this spectrum. This spectrum is shown in

Figure 28. Features occuring at 328 nm and 338 nm respectively are assigned to emission

from atomic silver on the (2P3/2, 2P1/2 - 2Sl/2) transition, which is extremely strong. Other
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features are observed in the 220 to 240 nm region and at 273 nm. These cannot be

conclusively assigned but may be due to molecular species. The observation of emission

from Ag is significant, since all of the metallic surfaces of the solar cell arc Ag-plated for

bonding purposes. Optical are sensors based on observations at this wavelength would most

likely be highly sensitive.

2.5 Environmental Effects on Arcing

Our observations also indicated that the ambient environment of the solar cell had an

impact on the apparent arcing rates. The previously noted cell conditioning effects are a

component of these environmental effects. Figure 29 shows the impact of solar cell heating
on the arcing rate. This heating is accomplished indirectly, through the radiant heat load

placed on the thermally isolated cell by the plasma neutralizing filament in the Kaufmann ion
source. After thorough degassing of the solar cell in the UHV chamber (base pressure 2 x

10-9 torr) the cell was subjected to both the radiant and plasma loading from the Kaufmann
source. The data shows a distinct decrease in arcing rate with exposure time. During this

period the solar cell equilibrates to a temperature of 85 degrees Celsius.

Experiments were conducted to isolate the effects of thermal processing from plasma

exposure. After cycling the cell back to atmospheric pressure with room air, the cell was

again placed in the vacuum chamber for testing. In previous cycling of this sort the cell

arcing rate had returned to its initial, pre-exposure, value. The cell was again exposed to
the Kaufmann source operating in a manner, which did not allow plasma production. This

technique allowed for the normal radiative heating of the cell without the corresponding

plasma exposure. In a series of tests, the cell was heated in vacuum for a fixed period of
time, following which plasma exposure was initiated and the cell arc rate was determined.

Figure 29 also shows the results of such an experiment for which the cell was heated for

periods of 45 minutes and 3 hours prior to arc rate measurements. The data reveals a
reduction in the initial arc rate of the cell by a factor of ten for 45 minutes exposure and

greater than a factor of 100 for 3 hours exposure. In fact, after three hours of exposure the

cell arc rate fell below the practical detection limit of 0.1 arcs per minute. Once thermally
conditioned and confined to a vacuum environment, the arc rate for these cell remained

below detection limits for periods ranging from several days to weeks. Exposure to room air

immediately established the pre-exposure arcing behavior while exposure to comparable

amounts of pure 0 2, N 2, Ar, or CO 2 had no impact on the measured arcing rates.

The data cited above indicates an airborne constituent common to both the natural air

and UI-1V environment may play a role in cell conditioning. Furthermore, the evidence from

the thermal processing studies shows that the contaminant is tightly bound to the cell, since a

significant temperature increase is required to effect its removal. A strong candidate for the

interacting species is H20. Clearly common in room air, H20 is also the primary
contaminant in UHV chambers, albeit at a much reduced level. These results are confirmed

by mass spectrometer analysis of the UHV chamber background gas, which is largely a
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Figure 29. - Conditioning of solar cell arc frequency with plasma exposure time, showing

impact of cell heating on measured arcing rates.
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Figure 30. - Effect of water vapor exposure on observed arc rate.

mixture of H20 and CO 2. The background water vapor concentration in the chamber is

enhanced b,y approximately a factor of 100 during Kaufmann source operation, to a pressure
of 2 x 10" i tort. The enhancement is a result of thermal desorption of water from the walls

by the charge neutralization filament. By comparison, the equilibrium vapor pressure of

H20 at room temperature is approximately 18 tort. The relative amounts of H20 present in
these two regimes accounts for the disparity in deconditioning times for the cell.

Confirmation of the role played by H20 vapor was obtained by enhancing the

exposure of the cell to the vapor in a controlled manner. In these experiments the chamber

was equipped with a variable leak valve through which a thoroughly degassed flow of water

vapor could be passed to the cell. Cells were conditioned and held at 85 degrees until the

previously noted reduced arcing rate was obtained. The cell was then subjected to successive

dosings of 2.5 x 10 -4 torr-minutes, i.e. the chamber was brought to a pressure of 5 x

10 -5 tort for a period of 5 minutes. Between each exposure the plasma source was activated

and the cell arcing rate was measured. The data obtained from these successive exposures is

plotted in Figure 30. The data shows a progressive increase in the cell arcing rate from the

conditioned state to an asymptotic level characteristic of the cell prior to conditioning. This

data shows clear evidence of the role played by H20 in promoting arcing. Note that the

interaction of the water vapor is with the cell and not with the plasma, since simultaneous

exposures were not employed in these measurements. Furthermore, the data supports the

notion that the water is held in depth within a component of the cell. This is likely because
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the desorption rateof water from the surface of the cell is fast compared to the observed

conditioning times.

The role of the extruded adhesive layer found at the silicon/cover glass plasma triple

junction was also illustrated in our measurements. A solar cell which had been modified to

remove the extruded adhesive (using the solvent removal method) was subjected to the same

set of experiments described above for the unmodified cells. Cells which had been modified

in this manner showed none of the conditioning behavior observed for as-manufactured cells.

From the inception of testing these cells exhibited an arc rate below the measurement

threshold. Furthermore, treatment of the cells with additional water vapor did not raise the

arcing rate. In later measurements cells which had been processed to remove excess

adhesive using mechanical abrasion were tested. These cells did exhibit considerable

conditioning effects. Most likely, these differences can be accounted for by the presence of

small hair-like adhesive filaments remaining from the mechanical abrasion process. It is

likely that these filaments are the sources of arc sites at these triple junctions and their

number may be increased by this form of adhesive removal.

2.6 Plasma Scaling

Arcing rate measurements on PIX II had shown a correlation with plasma density. A

scaling of arcing rate with plasma density is also predicted by the theory developed by under

this contract. The theory will be reviewed in Section 5. Out laboratory tests were conducted

to explore the bounds of this effect. The UHV chamber and Kaufmann plasma source were

employed in their usual configuration. The test article was an array of six (6) Spectrolab 1 x
2 cm 2 cells mounted on a Kovar plate. These cells were used without removing the adhesive

from the edges of the cells but were conditioned by prolonged plasma exposure at a bias of -

1 kV. Tests were conducted at a bias of -1 kV. The conditioning process was continued

until the arcing rate ceased to change for several observation periods. The plasma scaling

experiments were conducted by varying the operating pressure and ionization characteristics

of the Kaufmann source. The planar Langmuir probe was used to determine the plasma

density. Figure 31 shows the variation in arcing rate obtained as a function of plasma
density from 1.5 x 106 to 6.5 x 10 -6 cm "3. The arcing rate shows a linear correlation with

plasma density over this range. In Section 5 we will compare this data with theoretical

predictions of the plasma sealing conducted under this program.
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3. ADHESIVE/PLASMA INTERACTIONS

Despite extensive investigations into the nature of the physical interaction between the

plasma, adhesive, and water vapor, we have been unable to identify conclusively a

mechanism which would explain their relationship to arcing phenomenon. As mentioned

previously, the DC93-500 is a low outgassing two part room temperature vulcanizing (RTV)

adhesive. Unlike commonly used RTV's, DC93-500 solidifies using a form of vinyl

polymerization which leaves no volatile byproduct. Other RTV adhesives eliminate methyl

alcohol as a product of the polymerization process. Specifications provided by Dow

Coming 24 indicate that water absorption by the adhesive is less than 0.1 percent by weight.

We can compare this water absorption level with the amount of H20 impinging on the bead

of adhesive found along the edges of the solar cell during our dosing experiments. Using

simple kinetic theory we can show that total amount of water impinging on a 1 cm length of
the cell edge is approximately 9 x 10 -7 grams. The mass of a bead of adhesive

approximately 25 _m in diameter, 1 cm in length, is 5 x 10 -6 grams. Hence, sufficient

water impingement can occur during one of our dosing experiments to saturate the adhesive

if the absorption probability is approximately 0.005.

We conducted experiments to determine the impact of water absorption on the

resistance of the thin films of the adhesive. Films of adhesive approximately 200/_m in

thickness were deposited on a Pyrex glass plate. Two rectangular electrodes were then

placed on top of the adhesive film, leaving an exposed area of dimensions 0.85 x 2.5 cm.

The configuration is shown schematically in Figure 32. The plate was then mounted on the

DC 93-500

Pyrex

\\ _ _'-_ Kovar

_ v Electrodes

DC 93-500
Film

I
B-7454

Figure 32. - Schematic configuration of adhesive film resistance measurement.
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manipulator in the UHV chamber with leads attached to each of these electrodes. An
external circuit was used to determine the resistance of the film in vacuum. A bias was

applied to the film using a high voltage DC power supply. A sensitive current amplifier

(Ithaco Model 1211) was connected in series with the power supply and the film to measure
the current flow through the film. Typically, the film was biased to approximately 500 volts.

Bulk resistances measured for the film were in the 1013 to 1014 ohms. The

resistance of the film was determined upon initial introduction to the chamber and after 3

hours of radiative heating using the charge neutralization filament on the plasma source (no

plasma flow). During this time the film rose to a temperature of 85"C. No change in the
resistance of the film was noted. Introduction of water vapor to the chamber at dosing levels

similar to those employed in the solar cell measurements also produced no change in the film

resistance.

Synergistic effects involving both plasma and water vapor exposure were also
examined. In a series of experiments conducted using the plasma source, the film was

exposed to plasma bombardment at increasing plasma energies. Figure 33 through 37 show
the change in film resistance observed during exposure to the plasma at energies of 40, 100,

200, 300 and 500 eV. In each experiment the film was exposed to the plasma source for a

fixed period of time. At intervals during the exposure the resistance of the film was
determined. The plasma source was deactivated during the resistance measurement. The
same film was used for each measurement and the measurements were conducted in order of

increasing beam voltage.

Two distinct effects were noted in making these measurements. First, the resistance

of the film decreases markedly on exposure to the plasma. The magnitude of the resistance

loss is proportional to the incident ion energy. At low voltages the film resistance reaches an

asymptotic value during the exposure period, while at higher voltage a steady state condition
is never attained. The second effect observed was the recovery of the film resistance

following the termination of plasma exposure. At low beam voltages the recovery period

was rapid, resulting in a slow upward drift in the value during the measurement period. This
drift is noted as the shaded regions in Figures 33-35. At higher voltages characteristic

recovery times ranged from tens of minutes to days under ambient vacuum conditions. Two

examples of this phenomenon are provided in Figures 38 and 39 for ion energies of 40 and
100 eV. Exposure of the film to room air at 1 atm pressure results in a somewhat enhanced

rate of recovery of the original resistance value of the film, as does dosing of the film in situ

with water vapor. We note that measurements of the film potential during the plasma dosing
measurements showed no evidence of film charging. The mobility of the ions and electrons

in the plasma are expected to act to maintain the film potential close to that of the plasma.
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Auger spectroscopy was used to examine any changes in surface composition resulting

from plasma exposure. Since the adhesive is nominally an insulator, a grazing incidence
method was used to record the Auger spectrum while limiting the charging of the film by the

electron beam. A representative spectrum is shown in Figure 40. The spectrum shows the

presence of Si, C, and O characteristic of the bulk material. Changes due to two different
effects were possible. First, the sputtering of nearby chamber components by the plasma
beam could transfer conducting species to the surface. The most likely species could be

carbon from the acceleration grids in the Kaufmann source or copper from the sample

holder. The presence of Cu can be verified via the observation of features at 60 eV and 920
eV. Examination of a 100/_m thick, freshly prepared and cured, film surface after a period

of 1 hour of 500 eV Ar ion exposure showed no evidence of Cu features or any increase in

the carbon signal above the bulk material level.

Additional experiments were conducted in which a freshly prepared and plasma-
exposed beam was dosed with 10-3 tort-minutes of water vapor in several steps.

Periodically, the dosing was interrupted and Auger spectra of the film were recorded. No
change in the Auger spectra of the film was recorded. Of particular interest was the

behavior of the atomic oxygen peak at 511 eV, which might be expected to increase on

surface adsorption of H20. These results are consistent with the bulk adsorption data, which
shows less than 0.1 percent weight gain when saturated with H20.
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Figure 40. - Auger Spectrum of plasma-exposed DC93-500 adhesive.
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Several alternatives exist which may explain this surface resistance decrease. The

resistance is inversely proportional to the material conductivity. The conductivity is defined

as the product of charge carrier density, Ni, times the charge carrier mobility, _i, in the
material, and summed over all charge-carrier species, denoted by index/subscript i.

C = _ n i /_i (3-1)
i

Therefore, the resistance can be decreased by either increasing any charge carder species

density or the mobility of any charge carder. Note that it is possible for ion impact to

introduce defect sites at or near the surface which trap the charge carriers. Such a process

would decrease the mobility, leading to an increase in resistance. Most likely, the low

energy ion impacts lead to electron-hole pair production with a yield, _7, which varies with

the impact energy. The asymptote to a constant resistance with continued plasma exposure,

again could be explained in a variety of ways. In dielectric material it is possible to generate

exciton, polaron, or electron-hole pairs by energetic ion impact. These charge carriers exist

in specific electronic band structures and have recombination or relaxation times which

depend on their mobility and density on the surface. One possibile explanation of the

asymptotic behavior is saturation or band filling. The possibility that the surface charges to

the incident ion potential and inhibits further charge accumulation was investigated using a

voltage probe on the kovar electrodes. The probe showed that the adhesive potential stays

within +2V of ground. This occurs because the plasma electrons or ions would immediately

respond to any significant surface potential. Likewise, we can only speculate about the

recovery or drift presented in Figures 38 and 39. A likely explanation for the drift is

recombination of electron-hole pairs following tunneling out of specific bands. Alternatively,

this drift could arise by recombination of moderate to weakly trapped charge carriers at

surface defect sites. The weakest trapping sites, <0.5 eV, will de-trap or recombine in less

than a second whereas more strongly trapped carders will take longer. Clearly, a complete

understanding of the processes at work here would require significant further research and

the development of additional analytical tools.

Changes in the optical properties of the adhesive film as a result of plasma exposure

were also examined as part of the effort. Adhesive films were deposited on S 1-UV quartz

and ZnSe optical substrates. The films were cured and then optical transmission spectra of

the films were recorded. Figures 41 and 42 show the UV-visible and infrared transmission

spectra of the films prior to plasma exposure. In the visible region the film is highly

transparent from 1000 nm down to the oxygen absorption cut-off at 190 nm. In the IR the

spectrum is naturally quite complex, consisting of feature assigned to methyl and silicon-

methyl. After exposure to the plasma at an energy of 500 eV and a plasma density of 2.4 x
6 2

10- A era" for a period of 1 hour, the UV-visible spectrum (Figure 43) shows a marked
decrease in transmission below 800 rim. This decrease in film transmission is consistent with

the "yellowing" of the film observed from UV light exposure. Note that we did not try to

differentiate the effects of plasma exposure from the effects due to UV light emission from
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the plasma source. In contrast to the behavior in the UV-visible region, no changes in the IR

spectrum of the adhesive film (Figure 44) were observed upon plasma dosing. The IR

spectra are, in general, indicative of the bonding present in the film. Hence, we can say that

there appear to be no gross changes in the chemical structure of the film due to the action of

the plasma.
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4. ARCING IN ANODIZED ALUMINUM STRUCTURES

As previouslydescribed,whenfully insolated, current models of the SSF environment

predict that electron collection by the array cell edges and interconnects will drive the return

side of the array to ---130 volts. Thus the anodized aluminum coating on the truss (which is

an insulator) must be capable of withstanding the -130 volt bias. Measurements of arcing

thresholds for these films reported by Carruth et al. 17 at NASA Marshall and Grier et al.18

at NASA Lewis have shown these coatings to have a breakdown threshold of -120 to -140

volts. Furthermore, extensive sputtering of the arc site is noted as is a propensity for site to

arc repetitively and at lower bias voltages once formed. Measurements conducted on a

somewhat thicker (0.2 mil or 50/.tm). coating produced by a sulfuric acid process have been

observed to arc at -500 to -600 volts l_t. The observed breakdown voltage is somewhat

greater than previously determined for oxide films. The data presented in Figure 45 from

Reference 26 shows a measured breakdown voltage of 225 volts for an 0.2 mil thick oxide

layer produced in a 10% sulfuric acid bath. Once an arc site is formed in the oxide film,

arcing is observed to occur at voltages as low as -140 volts at these sites. In our

measurements we were able to determine the arcing behavior of both aluminum oxide film

types.

Our experiments again employed the UHV chamber for detailed measurements of :"

arcing behavior, particularly when environmental effects were under consideration.

However, we were also quite interested in the response of the oxide surface to two additional
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Figure 45. - Dependence of breakdown voltage on thickness of water-sealed oxide coating on

aluminum. 26 Ten percent sulfuric acid at 35"C (95"F). Current density 14.4 amp per sq ft.
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environmental factors - LEO atomic oxygen and micrometeorite/debris (MM/D) impact. The

impact of MM/D on an oxide film would result in the removal of the oxide layer in the

vicinity of the impact area. If the underlying aluminum substrat¢ was at high voltage an

immediate plasma arc would probably ensue, stimulated by the enhanced ionization and

background gas present at the impact site. Actual MM/D impacts are rare and arcing at

impact is probably only a minor concern. However, the impact site becomes a triple

junction in direct exposure to the space plasma and therefore will have an enhanced

probability for arcing in the ambient plasma environment. These impact sites axe also

exposed to the ambient LEO atomic oxygen flux which could, in principle, act to reform the

oxide layer at the impact point. Hence, it is possible that these sites could self anneal. To

examine the arcing behavior of these oxide layers in the presence of these envronmental

factors we employed the PSI FAST atomic oxygen exposure simulation facility. To simulate

MM/D impacts on the film we tested damage sites produced by the action of a pulsed laser.

4.1 Measurement Configuration

Our experiments conducted in the UHV chamber utilized an experimental

configuration similar to those employed in the solar cell measurements. The details of the

fast O-atom system have been published previously. 27 In the experiments utilizing this

system (Figure 46), the aluminum plate was mounted at a 45 ° angle to the direction of the

fast O-atom beam. The plasma source replaced the detector
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Figure 46. Fast O-atom crossed molecular beam system.

52



systemand could also be used to irradiate the Al-plate; however, these two sources of

impinging particles could not be utilized simultaneously. This restriction arises because the

oxygen from the fast O-atom source quickly, i.e., - 1 hr, destroys the heated filaments of

the plasma source. We also implemented an ultra-violet/visible viewport on the fast O-atom

chamber so that our previous light sensitive diagnostics, such as the UV radiometer and CCD

camera system, could be employed to provide information simultaneous with the electrical

diagnostics, such as the high voltage probe and arc current sensor.

The aluminum plates were mounted in vacuum and electrically insulated from the

chamber wall. For the ultra-high vacuum system we used our standard sample holder with a

-2 x 4 cm 2 piece of the Al-plate. Because the Al-plate surfaces are coated with the A1203

insulator it was necessary to scratch off a little of the coating at one comer so that electrical

contact was made to the copper sample holder. It was also necessary to cover any cut, i.e.,

non-anodized, edges of the Al-plate with teflon insulator. As will be demonstrated below,

this is necessary because the cut edges exhibit arcing behavior at lower potential than the

uniform coating surface. The cut edges were covered by slicing open teflon heat shrink

tubing and sliding it over the cut edges. In the fast O-atom system, we were able to utilize a

larger piece of the Al-plate, 2.6 x 12.8 cm 2. The electrical connection and mounting is

shown in Figure 47. The stainless-steel set screw was threaded into a blind taped hole in the

back center of the Al-plate and a nut/washer pair locked the plate to the screw. This length "-

of set screw allowed a coaxial micro-clip connection to be attached to the plates providing

the electrical contact. A teflon rod acted as an electrical standoff and was attached to a brass

To Linear Translation
Rotation Vacuum

Feedthru

Micro-clip t
_-Coaxial Cable I/

\ Connection I _ Brass

_,,,, -_1/ROd
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Figure 47. Mounting and electrical connection for Al-plate in the fast O-atom system.
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rod for mechanical mounting, once again using a set screw/nut/washer combination. The

brass rod was connected to a linear translation-rotation feedthrough so that the plate could be

positioned when under vacuum. Movement was avoided in most cases so that camera views

before, after, and during surface treatment or arc testing would be identical and comparable.

Teflon coating of cut edges was also used when studying the uniform or controlled damage

coating.

4.2 UV-Light,'Current, and Voltage Measurements of A1-Plate Arcs

The electrical signature of the Al-plate axe and the correlation to LIV light emission is

somewhat different than observed on solar cells. Figure 48 presents the data acquired for a

modest arc event initiated at -400V, on a uniform coated surface, with a small damage spot

(650/_m diameter). The arc-sensor, using a total capacitance of 220 pf, (Figure 48a) traces

current flow in the are event and shows that the event lasts several microseconds, but

exhibits a very fast rise at arc initiation and a sharp current reversal at about 3.9/_s. Both of

these features are reproducible for nearly every Al-plate arc we have examined and for all

edge, damage spot, or uniform coating arc events. The fast rise was previously noted with

solar cell arcs, but the current reversal was not previously observed. The high voltage probe

(Figure 48b) conf'n'ms the current reversal, showing a fast negative progression of the plate

potential simultaneous with the current reversal. The bias power supply is decoupled on this'-
time scale and cannot contribute to the observed currents. This negative progression of the

plate potential near are termination is also not observed in solar-cell arc phenomena. The

UV-light emission (Figure 48c) is easily observable but does not correlate as well with the

axe current sensor signal. Good correlation between the two diagnostics was observed in

solar cell arcing. The light emission start matches with the arc initiation, but does not peak

at maximum current flow. Ultraviolet light emission also ceases at the time of current

reversal. Figure 49 presents similar data collected for an edge arc initiated at -230V. The
same features axe observed, but note that the event lasts nearly 7/zs. The correlation

between the arc-sensor and the high-voltage probe is presented in Figure 50. The HV-probe

data has simply been normalized. The arc current sensor data is presented as the running

integral which has also been normalized. These two traces should match (by definition) and

axe closely correlated. The UV-light running integral (total photons emitted) (Figure 50(c))

does not correlate with total charge transferred.

The most unique new observation from the electrical diagnostic measurements is the

are current reversal. After some thought and analysis, we believe we have a reasonable

explanation for the deserved phenomenon. In Figure 51 the data from the arc occurring at

the edge of the plate is again presented, but with specific points, A and B, and regions I, II,

and HI designated. We will attempt to explain, qualitatively, the phenomenon occurring at

each of these locations. Point A represents arc initiation, probably due to dielectric

breakdown. This could be ionization or avalanche initiation in the dielectric coating. The

important aspect of Point A is two-fold. First, arc ignition is rapid, and we believe generates

a gaseous ionized atomic/molecular plume above the surface.
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Region I incorporates several key changes. Current flow from the initiation causes

secondary electron emission from the Al-plate and from the coating edges along the

breakdown track. The secondary electrons accelerate sufficiently to further ionize the gas

plume generated at arc initiation. Hence, a dense (much denser than the plasma source

contributions) conducting plasma is formed above the arc site. Electron flow through the

dense plasma to the surrounding weak plasma causes the Al-plate potential to rise. The

A120 3 coating begins to rise in potential, but is immediately fed electrons from the plasma
sheath above the entire area of the surface. Very quickly, (< 200 ns) the sheath electrons

are depleted and the coating surface potential rises to match the rising Al-plate potential.

Calculations show that the sheath contains less than 10 percent of the charge that is used in

the discharge.

Region II involves a fully developed gaseous breakdown. We believe this region

shows a reduction in the arc current flow because the arc ceases to couple strongly to the

surroundings. Only the current flow to the chamber plasma and walls is detectable. Because

the sheath has been depleted of electrons and the coating surface has risen positively, we

believe that the arc now couples strongly to the local anodized surface. The continuing

current flow and light generation can be thought of as arising either by DC charge flowing

between the positive coating surface and the negative Al-plate, through the gaseous

plume/plasma generated by the arc initiation event. The surface and bulk potentials only

slowly rise compared to Region I, and the observed current flow decreases to nearly zero.

However, U-V-light generation continues due to the continued current flow between the arc

site and the anodized surface.

Point B involves the collapse of the local high density arc plasma. Continued

ionization and recombination of the plasma heats the gas to high temperature forcing it to

expand very rapidly. As plasma density falls, ionizing collisions between secondary

electrons and neutral atoms or molecules become less probable. Hence, the ion-electron

recombination shuts off, terminating the UV-light emission.

In Region III, relaxation of the local high density plasma is observed. The secondary

electrons, generated from the Al-plate and coating, were initially confined in the dense

plasma during the are event. The gas expansion and collapse of the plasma discharge
releases these electrons. The electrons flow toward the most positive potential in the system,

which at this time is the A1203 coating surface. The electron flow to this surface forces the

coating potential more negative, which forces the Al-plate more negative. This effect is

observed as a current reversal in the arc sensor.

4.3 A1-Plate Arc Location

Using the CCD camera system, we were able to observe arc events at several

different locations. The location can be closely correlated to the "quasi" threshold voltage,

and the type of surface at that location. The following pictures are of UV-light emission, no

observable visible light was detected. Figure 52 presents a composite of four arc events
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Figure 52. - Composite of 4 edge arc events.

along a cut edge of the Al-plate. These events have been electronically overlayed for display

purposes; they did not occur simultaneously. The perimeter of the plate is barely

discernable, but note that a vertical edge is within the camera field of view on the left side.

This was an anodized edge and we did not observe arc events at that location. Figure 53

shows the arc event observed at a damage spot generated by drilling too deeply into the back

of the plate for the mounting set screw. The arc is exactly overlayed with the damage spot.

Figure 54 is a microscope view of the damage spot generated on the front surface. The

bright vertical edges are the teflon coated edges. These edges are not observable in the UV

arc event, but are seen in the overlay of the visible picture on the UV-arc picture. The

"quasi" threshold for this damage spot arcing is slightly higher than for edge arcing.

Figure 55 shows a composite of two are events in regions of uniform/undamaged A120 3

coating. Again a visible overlay shows the teflon coated edges. The dark mask in the center

was placed on the camera to avoid viewing the arc events at the damage spot in the plate

Center. These arc events required the highest potential or "quasi" threshold. In no case

were we able to later identify surface damage which might have initiated or which was

generated by these events. At voltages more negative than -500V, arc events could be

observed at all three types of locations; edges, damage spots, and uniform coating regions,

implying all could occur at the same time.
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Figure 53. Arc event at damage spot caused by drilling.

Figure 54. Protrusion damage generated by drilling the Al-plate back side.
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Figure 55. Composite of two arc events in regions of uniform A1203 coating.

4.4 Arc Thresholds on A1-Plate

Arcing thresholds are difficult to measure. For our purposes we have defined the arc

threshold as the voltage corresponding to an are frequency of 0.1 min "1. At arcing rates

below 0.1 min -1, statistical considerations require countings times approaching the lifetime of

the filament in the Kaufmann ion source. Typically we count arc events for periods ranging

from 10's of minutes up to one hour near the threshold, with the objective of detecting at

least five events for statistical confidence. Figure 56 shows the arc frequency versus voltage

measurements for two different uniformly coated and unchanged 2 x 4 cm 2 A1 test plates.

The thresholds are -490 to -650V. In addition, we tested a uniform coated plate for H20

sensitivity at -900V. The results are presented in Figure 57. Only with massive doses of

H20 were we able to see any arc frequency variation outside statistical uncertainty. This

suggests very little, if any, H20 arc frequency sensitivity. The arc frequency of the drill

point damage spot is present in Figure 58. It appears the threshold is between -250 and

-200V. The cut edges of the Al-plate showed the lowest arcing threshold (see Figure 59).
The threshold is around -70V.
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The anodized aluminumolate arcing thresholds are consistent with the information

provided by Grier and Snyder28"when we received this test plate, but additional information

was obtainable. Testing a drill bit induced damage spot and the cut Al-plate edges clearly
shows that arcing is sensitive to coating imperfections. The arcing threshold progressed to

smaller negative potentials as the coating damage became more severe. Hence, even a

perfectly coated plate in a space environment could become damaged by debris or
micrometeorites and begin to exhibit arcing at potentials as low as -70V.

4.5 Micrometeorite Impact Simulation and Arcing

A utilized a pulsed Nd:YAG laser system operating at 1.06 t_m was used to simulate a

micrometeorite impact on our AI test plate. Laser simulation of micrometeorite damage is
not new. 29 In fact, PSI personnel performed some pioneering work in this area 30-32 in the

mid 1970's. The key factors required for accurate impact simulation are: 1) matching the

laser pulse energy to the kinetic energy of the incoming particle; and 2) matching the

momentum of the material ablated from the surface by the laser to the momentum of the

incoming particle. The latter objective is most difficult to achieve since the momentum

coupling will be a function of the heat of ablation of the material and the absorption depth at

the laser wavelength. Often it is not possible to satisfy both the energy and momentum

requirements simultaneously while preserving the size scale of the impact site. Typical

damage sites are characterized by cratering and spallation. In our single test plate, we

focused the output of the laser to a spot size of <500 #m. Utilizing an intensity of
2.4 J/cm 2 in a single Q-switched pulse, we generated a damage spot -650 t_m in diameter.

The damage appeared to penetrate through the A120 3 coating (absorption depth -25 t_m),

but caused very little underlying A1 removal or spallation. A microscope picture of the
damage is shown in Figure 60.

Figure 60. Laser simulated micrometeorite impact damage (-650 #m) on the AI test
plate.
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Our failure to createtypical spallationis a result of using too large a spot size

compared to the surface absorption depth. The damage generated is less severe than that

anticipated by the impact of a 0.17 _g iron core micrometeorite colliding with the same

Al-plate at a velocity of 7.6 km/s. The frequency of such impacts in space in this

size/velocity range is 1 to 10 m -2 year "1. The subsequent arc testing of this damage spot is

presented in Figure 61. The threshold is between -120 and -130V. Damage generated by

even small, 0.2/_g, micrometeorite impacts on this Al-plate will exhibit arcing at voltages

significantly below the uniform/perfect plate test potential and below the expected floating

potential of the space station truss. It is likely that arcing at a true micrometeorite impact

point would occur at a voltage more similar to the cut edge, -70V.
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4.6 Atomic OxygenHealingof A1-PlateDamageSites

Two different damage spots, laser simulated micrometeorite and cut edges, were

subjected to a fluence of more than 1019 O-atoms/cm 2 impinging at a 45 deg angle from the

atomic oxygen source. This is roughly the equivalent of -6 hr on orbit. These damage

spots were subsequently tested for arcing and compared to arcing rates observed before

O-atom exposure. Figures 62 and 63 present the post O-atom exposure arc frequency versus

voltage curves for cut edges, and micrometeorite damage, respectively. There is a slight

indication that the threshold may have shifted to smaller negative potentials in each case, but

the uncertainty is sufficient to argue that no change was induced by O-atom impact.

Microscope inspection of these damage spots after O-atom exposure showed no discernable
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changes. These results are consistent with our knowledge about the properties of thermal

oxide layers. These films seldom grow thicker than 30A and there is little reason to believe
that the translational energy found in orbital atomic oxygen would have an order of

magnitude impact on the diffusion processes which control film growth in depth. Data

presented in Figure 45 for the breakdown voltage of oxide coatings clearly demonstrate a
threshold well below 10(O for a thermally grown oxide layer.
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5. THEORY AND MODELLING OF SOLAR CELL ARCING

In Phase I of the effort SBIR we identified two mechanisms for initiation of the

arcing: 15,16 field emission followed by explosion of whiskers protruding from the

interconnect surface, and dielectric breakdown of a thin insulating layer (e.g., oxide layer).

The initiation would occur near the triple junction, which is the line where insulator and

conductor meet. Once the arc is ignited, the maintenance of the discharge would occur

through a complex mechanism involving desorption of gas off the cover plate surface.

Electrons leaving the interconnect would hop along the surface of the dielectric and

avalanche, with new electrons generated by secondary electron emission, and by impact

ionization of molecules/atoms dcsorbed from the surface.

The theoretical effort that was carried out during the first year of the Phase II effort

was geared to validating both the ignition and the maintenance mechanisms that had been

postulated. For the whisker hwotheses to be valid there must be a field in excess of 108

V/cm at the tip of the whisker'. I5 At such a field the field emission current flowing through

the whisker is sufficient to make it vaporize and initiate a discharge. Since the field

amplification factor at the tip (based on previous experimental studies) cannot exceed 300,
there would have to be an average field of 108/300 -- 3 x 105 V/cm in the vicinity of the

triple junction. Now, the experimental threshold for arcing of negatively biased solar ceils -

has been found to be --300V. For a cover slip thickness d -- 0.15 ram, the field at the

triple junction would be E - [V [/d = 2 x 104 V/cm, i.e., more than a factor of one

hundred too small. Some charging mechanism of the side of the cover plate such as ions

from the plasma impinging on the side surface or secondary electron emission from the

surface could be the cause of much larger field strengths near the triple junction. We

modified and implemented a particle in cell (PIC) code to study the charging of the cover

plate and see whether enhanced fields near the triple junction were possible. The results of

the computer calculations described below were negative. However, all possible charging

mechanisms were implemented in the code. Later efforts considered the effect of secondary

electrons leaving the intcr_gnnect. These electrons could, after hitting the side of the cover

plate, cause a positive charging due to secondary electron emission. The implementation of

that effect was conducted during the second year and is described in Section 4.4.

The model of a neutralization front moving along the surface of the cover glass that

was developed earlier 16 requires that the ions generated in the desorbed gas flow to the

interconnect and not fall onto the cover plate. We solved Poisson's equation for the field

above a partially neutralized cover plate and found that the electric field behind the

neutralization front is directed into the dielectric, thus ions will fall onto the cover glass.

The calculations that are presented below thus put in doubt the previously developed model.

A careful reading of the literature on vacuum arcs has led us to believe that there must be a

plasma flare in the vicinity of the initial ignition site where all the ions and electrons

necessary to maintain the discharge current are generated.
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5.1 Calculation of Fields Around the Triple Junction

Initial investigation involved the implementation of a particle-in-cell (PIC) code. This
code was developed at MIT by Mengu Cho, who modified a 1D code as described in
Reference 33, in order to make the code two-dimensional in space. The code named

REPDWG is a 2-1/2D (two-dimensional in real space, three-dimensional in velocity space)

particle in cell code. Use of a two-dimensional in space code is justified if the thickness of
the cover plate and the sheath thickness (once the cover plate is charged) are much smaller
than the length of the triple junction (width of interconnect or width of solar cell). In a solar

array the length of the triple junction is equal to the width of the interconnect which is
typically 2 to 3 mm, i.e., an order of magnitude less than the thickness of the cover plate.
The sheath thickness, however, under LEO conditions will be in the range of 0.3 to 3 cm,

which is not smaller than the width of the interconnect. The use of a two-dimensional code

is therefore not truly justified under such conditions. The laoboratory experiments, however,
have been carried out with plasma densities in the 10U to 10° cm "_ range. The length of the

interconnect for the samples tested will be the length of the cover plate, i.e., 1 cm. The
two-dimensional code will be well suited, therefore, for modeling the laboratory experiments.

One must note, however, that before the cover plate is charged the array is attracting ions
from a much larger distance than the final sheath dimensions. The initial charging of the

cover plate, and especially of the side of the cover plate will not be well modeled by a two- "-
dimensional particle in cell code. Near the end of the charging period, however, ions are
attracted over distances of the order of the final sheath dimensions, so that the final charging-

phase and final charge distribution on the cover plate should be adequately modeled by the
code. Conditions for arcing near threshold, when the cover plate sits for a long time in its

charged state before initiation of a discharge, should be well described by the
two-dimensional PIC code.

The code REPDWG allows a plasma flow in the x direction and takes periodic

boundary conditions in the y direction, which is along the cell (or cover plate). At one of
the boundaries perpendicular to the flow two dielectric plates are placed, separated by a
recessed conductor as shown in Figure 60a. REPDWG solves Poisson's equation both in the

plasma and in the dielectric as well as the equations of motion of the charged particles.
Since the fields are expected to be very large and to vary appreciably inside and outside the
dielectric near the triple junction, a variable mesh has been incorporated in the grid structure.

When a charged particle is incident on the dielectric the dielectric will charge and also,

possibly, emit secondary electrons. This has been incorporated in the boundary conditions.

REPDWG has the capability to start with some assumed charge density on the

dielectric as well as to restart from the results of a previous run.

5.1.1 _. - Figure 64b shows a typical computational grid for REPDWG.

The grid is a 48 x 48 non-uniform mesh. Grid cells are highly clustered in the dielectric and

near the triple point. In Figure 64, the dielectric plates are at the bottom, start at cell

boundary 21 in the y direction and have 16 cell boundaries in each plate in the y direction.
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The length of the computational region is 48 mm in the x direction and 21 mm in the

y direction. The spacing between adjacent cells was taken to be 1 mm and the dielectric
constant of each cell was taken to be e - 3.8, corresponding to SiO 2. The plasma

conditions were: ion directed energy, 20 eV; ion temperature, T i -- 4.5 eV; ion density,

n i - 1014 m'3; electron temperature, T e - 0.2 eV. The size of the computational box was
5 mm x 5 mm which is large compared to the electron Debye length )_ = 0.33 ram. The
sheath thickness based on the Child Langmuir's current density limitation for ions, 34

Ji = nie_Ti/2_'mi , was 1.8 mm, which is also smaller than the size of the box

chosen. Simulations were run with ion-to-electron mass ratio mi/m e = 25 and a time step of

0.2 w-lpe, where Wpe (-- 5.6 x 108 s"1) is the electron plasma frequency.

We studied the charging of the dielectric when the ion beam velocity was normal to

the cells and at an angle of 45 deg with respect to the normal. We also studied the effect of

secondary electron emission on the charging. Results for ions incident normally are shown

in Figures 65 through 72. Figures 65 and 66 show the equipotential contours and the

potential along a horizontal line in the x direction just grazing the top of the dielectric at a
time t - 10 _.-1. One sees from Figure 65 that the sheath edge is 1.8 mm above the

pi
interconnect and that the lateral width of perturbed potential due to the exposed interconnect _

is 1.46 times the width of the conductor. We see from Figure 66 that at time t = 10 _pi -1

the areas of the cover plate near the interconnect have charged up enough so that the

potential is near 20V and the cover plate is starting to repel ions. For a voltage change of

AV the time to chargeois At-- CAV/I = (e/_o)(eo/d)AV/j. For the plasma simulated, e/e o =

3.8, eo/d - 2.9 x 10 .0 F/m '_, j ffi 0.16 A/m _; so we have At = 7.03 x 10 -7 AV seconds.
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For this plasma, co_. = 2.09 x 106 rad/s so Atco_. = 1.47 AV. Therefore, since the
pl pt

dielectric surface is expected to have a potential of about 20V, to see a change to this

potential from ground would take approximately 30 copi"1

In order to ensure that the dielectric had enough time to charge and come to

equilibrium, simulations were run to 100 copi"1. A comparison of Figures 65 and 67
indicates that maximum positive potential has increased. This is due to the (relatively) high

ion temperature which means that the dielectric has to come to a sufficiently positive

potential to reduce the ion flux. In addition, the maximum lateral range of the potential
contours from the conductor has diminished. For Figure 65, the effective area of the

conductor was 1.46 times the actual area. This enhances the collected current to the

conductor. In Figure 67, the effective area of the conductor is the same as the actual area.

There has been a pitching of incoming ions due to the enhanced charges collected by the

cover plate in the vicinity of the triple junctions. The potential along a horizontal line

grazing the surface of the cover plates is shown in Figure 68, and clearly indicates the

presence of excess charge near the interconnects. Figure 69 shows the electric field along a

vertical line passing through the triple junction. The electric field reaches a maximum value

of approximately 8 x 103 Vim. The initial electric field along the side face of the dielectric

was E x --" -V/d = 6.6 x 105 Vim. Therefore an increase in potential of the top surface of .
the dielectric results in an increase in the electric field. In Figure 70a and 70b, the particle -

positions are shown for t = 100 copi"1. The electrons in Figure 70a are excluded from the

sheath region but do strike the outer edges of the dielectric.

In Figure 71, we show the potential contours for the two dielectric plates when

allowance is taken for secondary electron emission from the dielectric. We used the

following expression for secondary electron emission: 35

066m+' xPli +1 (5-1)

where +1is the secondary electron emission coefficient and E the energy of an electron hitting

the surface. For SiO 2, we have Ema x = 240 eV and 7/max = 2.4. For the calculation

presented here the source of electrons is the space plasma, and the electron energy upon

impact is quite small (E < < 1 eV). At the beginning of a discharge, however, the main
source of electrons will come from field emission sites near the triple junctions. This

emission was considered in later calculations. The effect of secondary electron emission is

seen to be quite noticeable, as can be seen by comparing Figures 68 and 72. The overall

sheath distance increases with secondary electron emission as the low energy electrons

emitted from the dielectric to some extent neutralize the incoming ion current.

The effect of angle of irradianee is shown in Figures 73 and 74. These figures

correspond to calculations where the ions are coming in at an angle of 45" with respects to

the surface. The potential distribution is skewed along the dielectric but remains symmetric
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over the conductor. This is clearly seen in Figure 74 where the dielectric struck last by the

ion flow does not rise to such a high positive potential because it is, to some extent, shielded

from the ion stream. The y directed electric field along the side of dielectric was found to

differ insignificantly from the previous simulations with normal incidence of ions.

We used the results of the PIC code to determine whether the fields in the vicinity of

the triple junction are large enough to trigger a discharge. The code results indicate a field

strength of 8 x 103 V/cm in the vicinity of a triple junction when the interconnect voltage

is -200V. If we assume that a whisker is present near the interconnect with a field

enhancement factor at its tip of 200, then the field at the tip would be 1.6 x 106 V/cm which

is a factor of 20 below the value (E - 3 x 107 Were) where field emission currents begin to

appear. The code results therefore seem to negate field emission and whisker explosion as a

possible cause of discharge ignition at V -" -200V., Even at a bias voltage of -800V, where

we have experimentally observed arcing, the field is a factor of five lower than required for

arc initiation via the proposed mechanism.

It was recognized that this factor of five could be due to positive charging of the side

of the cover plate by secondary electron emission. It has been well established that energetic

ions (e _ 200 eV) hitting a metal surface (interconnect) can generate secondary electrons

with an efficiency of 10 to 15 percent. These secondary electrons would be accelerated away"

from the interconnect and those few hitting the side of the cover plate could cause it to

charge positively by secondary electron emission. This effect was considered in taler

development of the theory.

Another result of the PIC calculations is the determination of the capacitance of the

array with respect to the space plasma. The charge density, a, on the interconnect is related

to the electric field E through the relation cr = eoE where eo (= 8.84 x 10 -12) is the

permittivity of space. Thus, integration of the electric field over the surface of the

interconnect will yield the total charge, and, after division by V, the capacitance. A rough

estimate of this capacitance by taking the upper bound value E = 8 x 103 V/m, which is the

value at the interconnect (Figure 65) and taking E to be constant over the 1 mm x 1 cm area

of the interconnect. This gives a charge Q = 7 x 10-11C and a capacitance

C = Q/V = 7 x 10-11/200 -" 0.3 pF. A more exact result, obtained by averaging the field

over the area of the interconnect, is a factor of three lower, C = 0.1 pF.

5.2 Calculation of Potential and Electric Fields as a Function of

Surface Charge on the Cover Plate

The discharge model that we proposed in our early work was based on a surface

discharge front propagating along the cover plate. The front is triggered by a burst of

electrons emanating from the interconnect triple junction. These electrons, upon hitting the

surface of the dielectric, desorb gas which is rapidly ionized by electron impact. Ionization

of the gas is essential in maintaining the discharge. There are two primary conditions that

have to be met for the validity of the model. First, the direction of the electric field in the

front has to be such that the secondary electron emission coefficient of the surface for
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electrons is near unity. Second, the ions generated in the gas layer above the surface must

find their way to the interconnect without falling back onto the surface of the cover plate. In

order to verify whether such a front can satisfy these two conditions, we calculated the field

above the cover plate assuming the existence of such a front. The details are presented

below. The results of our calculations show that the field behind the front is directed

towards the surface, pulling the positive ions back onto the surface. Because of this finding

we believe that most of the ionization, the source of the neutralization current, must occur on

the interconnect, near the triple junction.

In the calculations we consider the geometry of a dielectric of thickness d and length

L lying above a conducting plane biased to a negative potential, -V. We assume a two
dimensional problem, i.e., that the width of the cover plate is infinite. The surface of the

cover plate has a charge density o+, which is a function only of the coordinate x. The

geometry is shown in Figure 75. If we neglect the effect of charges on the edges of the

cover plate at x=0 and x=L, we find that the potential inside the dielectric is given by (in

e.s.u, units):

L [ (x-x') 2 + (2d+z)21

Z

y
I

|

L

-2q

Z

O+ (x)

0 + + ++ + + + _-_ X

-d /////////////-V

Image
Charge

B-6167

Figure 75. - Geometry for calculating electric field and potential on the cover plate.
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The electric field just abovethe coverplate,hascomponentsEx andEz given by (in e.s.u.
units)

8d 2 ff+(xl)dx t

Ex(x) - ]
e Ib 4d2(x-x') + (x-x') 3

(5-3)

Ez(x ) = -4d
L o'+(x')dx'

I 4d 2 ÷ (x-x') 2
+ 2_'a+(x) (5-4)

The derivation Eqs. (5.2) through (5.4) can be found in Reference REF. Equations (5.2)

through (5.4) are expected to be good approximations to the potential and fields of a solar

cell having finite dimensions in the x and y direction if d/L < < 1 and if the location x is

not too close to the edge, i.e., x/d > > 1 and (L-x)/d > > 1. Our derivation neglects the "-

effect of polarization of the dielectric near its edges. This could eventually be corrected for

by an iterative proce-dure, i.e., by evaluating the fields at the edge of the dielectric from the

gradient of Eq. (5.2) and evaluating the resulting polarization, which would then be used for
the next iteration.

We evaluated Eqs. (5.2) through (5.4) for the specific charge density profile

#+(x) = -_-[1 + tanha(x-Xo) ] (5-5)

where

eV (5-6)
aM = -_

4xd

aM is the surface charge density that a fully charged capacitor of dielectric constant e and

having distance between plates d would have if it were sustaining a voltage V. The profile

given by Eq. (5.5) is expected to be representative of a discharge front propagating along the

surface of the dielectric, with a+ --- 0 for x < < xo. The parameter a represents the

inverse of the scale length of the front. The profile given by Eq. (5.5) is plotted in

Figure 76. Results for the conditions V = 800V, e = 3.8, and d = 0.3 mm for which

aM - 26.87 e.s.u. = 8.96 x 10 -9 C/era 2 are shown in Figures 77 through 79. We have

considered three profiles with the parameter ad = 0.1, 1, and 10, corresponding to a

discharge front length 1 = a -1 of 3, 0.3, and 0.03 mm, respectively.
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Figure 77 shows how the potential varies along the surface. The potential is seen to

rise from -800V, well downstream of the discharge to 0V way upstream. The presence of

the plasma above the cover plate, which was not considered in our calculations, should not
effect the results significantly if the net charge density over a distance d away from the

surface is much less than a+. The discharge current, if carried by one charged species,
could affect the results, however, if the (2D) charge density (when projected on the surface)

is comparable to a M. Figure 78 shows the component of E field in the x direction. It is
directed toward negative x and peaks at x = x 0. As shown in Ref. 36, when otd < 1, we

have, with good approximation,

Ex = _-8td do'+ = -o_V . (5-7)

e dx cosh2(c_x)

The normal component of electric field is plotted in Figure 79 and is seen to change sign at

x = x o, with E z pointing into the surface downstream of the discharge. IEzl asymptotes to

zero when (x-x o) becomes large. In Figure 80 we plot E z versus E x. This figure is of

interest for finding the region in the discharge where the secondary electron yield of the

surface exceeds unity. This occurs in a region of space where E z is positive and

]Ex/Ezl > 5. This condition is satisfied in the hashed zone shown in Figure 80,

corresponding to a very small region in physical space where x >_ x o.
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Figure 80. - E z versus E x.
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It is clear from Figures77 and 79 that the modelof a neutralizationfront traveling
along the surface,with secondaryelectronemissionandelectronimpact ionizationof
desorbedgasplaying a major role in maintainingthe front, is not adequate.First of all, as is
clear from Figure 79, the surfacebehindthe front attractsions. The ions generatedin the
front and acceleratedtoward the interconnectwill fall backonto the surfaceof the insulator
beforethey reachthe interconnect. Secondly,thereis a largepotentialdrop along the
surface,leadingus to believethat thepotential drop in thevicinity of the triple junction
wouldnot be largeenoughto sustainthedischarge. For if ions generatedduring the
dischargefall backonto the coverplate then theonly meansfor continuingthedischargeis
for electronsto be continuouslygeneratednearthe triple junction. It seemsmoreplausible
that thedischargeof the coverplate is occurringmoreuniformly with the sourceof the
dischargecurrentoccurringat hot spotsnear thetriple junction aroundwhich mostof the
potential drop is occurring. We examinethenecessaryrequirementsfor maintenanceof the
dischargein thenext section.

5.3 Studyof Arc Maintenance Requirements

If we discount ionization build-up on the surface of the dielectric, then all the

ionization allowing current to flow from the interconnect, will occur in specific locations on

the interconnect, called cathode hot spots. The arcing will behave as a vacuum arc which "-

has been extensively studied in recent years. 36 An understanding of these arcs can be

gleaned from analyses of low pressure discharges 37 where it is found that most of the voltage

drop occurs in the dark zone adjacent to the cathode. Electrons are accelerated through the

dark zone until they can generate, by impact ionization of the gas, a sufficient number of

electron-ion pairs to sustain the discharge current. It is found that low pressure discharges

cannot be maintained if the applied voltage is less than the cathode fall voltage. This voltage

drop is of the order of 100 to 150V for argon and 200 to 300V for air depending on the
cathode material. A table of cathode fall voltages, taken from Cobine 38 is shown in Table 2.

The extension of these findings to the high vacuum arc is the following. As in the

case of a low pressure discharge, energetic ions that have been accelerated through the

cathode fall region near a hot spot eject a certain number of electrons with an efficiency

7T = 0.1. These electrons are accelerated away from the surface and impact ionize the
metal vapor. Here the metal vapor plays the role of the gas in a low pressure discharge.

Hot spots are localized regions of the cathode where the ion current is constricted and where

heating of the surface to vaporization occurs. Several conditions must be satisfied for an arc

to be maintained.

lo The voltage drop must exceed the cathode fall voltage for the vapor composed

of cathode atoms.

1 The power incident on the cathode spot must be sufficient to maintain a vapor

that is dense enough for significant electron impact ionization to occur.
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TABLE 2. - NORMAL CATHODE FALL* (V)

AI 229 100 140 170 245 120 180 311

Ag 280 130 162 216 318 150 233
Au 285 130 165 247 ... 158 233

CO 2 [ CI

Ba ... 93 86 ......... 157

Bi 272 136 137 240 ...... 210

C ......... 240 475 ...... 525

Ca ... 93 86 ...... 86 157

CA 266 119 167 200 ... 160 213

Co 38O

Cu 370 130 177 214 447 220 208

Fe 269 165 150 250 298 150 215

Hg ...... 142 ... 340 ... 226
lx 380

K 180 64 59 94 ... 68 170

,.°

290

484 460

484 460

Mo ............ 353 115

Mg 224 119 125 153 ... 94 188
Na 200 ... 80 185 ... 75 178

310

Ni 226 131 158 211 275 140 197

Pb 207 124 177 223 ... 172 210

Pd 421

Pt 277 131 165 276 340 152 216

Sb 269 136 ... 252 ...... 225

Sn 266 124 ... 226 ...... 216

Sr ... 93 86 ......... 157

364 490 475 275

Th ............... 125

W ............ 305 125

Zn 277 119 143 184 ...... 216 354 480 410
C.sO-Ca ............... 37

*A.V. Engel and M. Steenbeck, "Elektdsche Gaseatladungea, ihte Physik u. Technik," Vol. 2, p. 103.
J.J. Thomson and G.P. Thomson, "Conduction of Electricity through Gases," Vol. 2, pp. 331-332.
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The cathode hot spots will occur, most likely, at those locations where, initially, a

whisker (or a thin dielectric layer) generated the initial electrons through field emission (or

dielectric breakdown). We have already modeled the emission from whiskers and deter-

mined the critical parameters (electric field strength, whisker height-to-width ratio) for a

whisker to melt, vaporize and then trigger the discharge through breakdown of the whisker

vapor. We also showed that a single whisker could not generate a sufficient current and total

charge to neutralize the charge on a cover plate. We believe that, after initiation, the

discharge will proceed due to the energy input onto the cathode surface by the ions generated

in the vapor.

The geometry of the cathode hot spot is shown in Figure 81. The hot spot, of

diameter 2a, is vaporizing at a temperature T s. Secondary electrons (generated by ion

impact) leave the surface and are accelerated through the dark zone over a distance r e until

they have gained enough energy to ionize the gas. The ions formed above the dark zone fall

to the surface. Charge separation of ions and electrons is the cause of the potential drop in

the dark zone. A more detailed analysis of the problem is given below.

Ionization
Zone

-V+Vc

Cathode
Drop Zone

-v /.,//.,//

PLASMA

,! !
Heated Zone ___J" _a/t/'h/_Te'_

B-6190

Figure 81. - Cathode arc voltage drop across dark zone V c.
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The vapor, which uRqn leaving the surface has a half Maxwellian distribution,

expands through a Knudsen 39 layer of thickness typically three mean free paths and then

expands into vacuum as a supersonic free jet. The threshold condition for maintaining the

discharge is that the rate of ions lost to the cathode is equal to the rate of electrons generated

by secondary electron emission (TT = secondary electron emission efficiency), and by the

photoelectric effect (since the vapor is expected to radiate in the UV).

(3'ph + 7T)

oo

I + B I naidt
p

> 1 (5-8)

where n(r) = number density of neutrals, a i = ionization cross section of neutrals, 3'ph is

the photoelectric yield per ion hitting the surface, and g(> 1) is a factor that takes into
account that electrons do not travel in straight lines - they make many elastic collisions with

neutrals before they ionize the gas. Application of random walk theory would lead to an

estimate for B

[.___i ] 1/2
B - am = 3 to 10 (5-9)"

where am = momentum transfer cross section.

Equation (5.8) is essentially a condition on the density and extent of vapor above the

cathode spot required for maintenance of the discharge. The density of vapor is, in turn,

determined by the energy input to the surface by ions.

If the ion current density is j + and the energy with which the ions hit the surface is

then the power on the surface is P = (j +/e)_ra2e. This power input is balanced by

vaporization and heat conduction from the surface to the bulk of the cathode. In steady state

we have

[_] El"a2 = rhAHxa2 + (_C

(5-10)

I;s twhere zh is the mass per unit area vaporized, AH = CpdT + H is the energy per

unit mass required to heat the cathode to the vapori_ation temperature i s and then to

vaporize it (heat of vaporization = Hv), and Qc is the heat conduction losses to the bulk of



the cathode. For short enough discharges and large cathode spots the thermal diffusion

length t d will be smaller than a and 0c scales as a2. The spot radius can then be factored

from Eq. (5.10), which will then yield a critical current density j+. The spot size will then

be related to the total current in the arc (since I+ = I_ in steady state) and a will scale as the

square root of the current, a _ I l[z. Typical discharge times, T, are experimentally found

to be of the order of 1 #s. The thermal diffusivity for Kovar is k D = 0.1 cmZ/s. Thus,

of size a > k_Dr = 3 /zm will be in the one-dimensional regime for heatcathode spots

conduction.

5.4 Model and Analytic Experiment for Arc Rate

The previous PIC calculations pointed towards the role of secondary electron emission

from the side of the cover glass in the arc initiations process. The theory developed for

describing this process utilizes fields calculated for the region around the triple junction using

the PIC code. A statistical model of field build-up at arc sites is presented below which

predicts much of the behavior previously observed in our laboratory data. We consider the

model system as shown in Figure 82. If the surface charge density on the side surface of the

coverglass and adhesive is tr then once the coverglass and adhesive are charged by the plasma

I
1

ff_"_ Electron from Emission

/ ,' Site Strikes Coverglass
/ ; at Height d i j-

Randomly Distributed _ _
Enhanced Electron I -__ ,' /

_<'<_L///_ I _-"_"_,_ >_ "_'Adhesive,

° : o __ . Thickness,
Z _ Coverglass.

-- _ _.__ Thickness d,

Triple Junction

Interconnect
13-9163

Figure 82. Model system.
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[Self]jec__ [ s,lr ] ao 2,-a (5-11)

ions, the charge density changes due to electrons striking the surface. The electrons are
taken to be emitted from enhanced field emission sites on the interconnector with a current

In (5.11), E is the average electric field at the emitting site while g is the field enhancement
factor. The emission site is assumed to have an area Sreal. The area Serf is the effective

emitting area of the site of actual area Sreal. The field enhancement factor can be related to

the microscopic characteristics of the surface. For example, a metallic whisker of height h
and radius r will enhance the average field by 8 =ld2r. Experimental work has shown that

typically for 1 _ fl < 100, the physical reason for an enhancement is a metallic whisker. For

100 < B < 10002000, microscopic dielectric inclusions enhance the average field. The

constants A and B are physical constants related to the surface work function #w by

A-1.5 x 10 -6 104"52/_'w A/V 2

_W

B

m

3/2
B--6.53 x 109 #w Vim

with #w in eV. Experiments have shown that on dielectric inclusions, only in part of the

inclusion may emit electrons. Hence, in general, Serf < Sreal. However, once the

electrons leave the emission site, they spread out due to thermal effects so that they seem to

coming from the area Sreal.

If the electron emitted from a side strike an area of the side surface of _/Sreald i then

we can write

da Sr_e_

= (Vee-1) Jec (fiE) di
(5-12)

92



In (5.12), 7_ is the secondary electron yield of the side surface. In general, this is a
function of the energy and angle of the impacting electron. We introduce the capacitance per

unit area of the side surface, C d and write for the electric field at the triple junction.

The amplification factor _ takes account of the fact that the electric field has to jump across

the coverglass/adhesive interface. Hence, we have

_o" (5-13)
ETj- Cddi

E = 1 di-<d 2

1
E -- di>d 2

d2 + 'd._.22 [ di-d2 ]
di ed I di J

The relation between the electric field at the emission site and the triple junction will, in :"

general, be complex. In the model two dimensional system the electric field depends only on

the distance, y, from the triple junction. Hence we write

E = n(Y)ETj = n(y)_tr (5-14)
Cddi

The use of (5.11), (5.13), and (5.14) in (5.12) gives the rate of change of the electric field at

the emitting site as

= 7/LV_(yee- ) Cddi(Y ) [ _ J (flE)2e

If the secondary electron yield, 3'ee, it taken as a constant, then (5.15) can be solved exactly

to give

E(t =0)

where ct is the constant in front of (BE) 2 in (5.15). This expression for the electric field

diverges at a time rEFEE given by
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[ 1 '"'f(_,ee-1)_ ))(y)_ A

From a physicalviewpoint_ Eq. (5.15)containsthe informationthatthe emission sitegives

electronsto the sideof the coverglass. If the sideof the coverglassemits more secondary

electronsthan incoming primaries,the surfacecharges positively.This effectenhances the

fieldat the emitterand therefore,a positivefeedback loop exists. With the inclusionof more

physics, however, itis clearthatthe electricfieldand associatedemission currentcannot

become infinite.When the currentbecomes sufficientlylarge itwillbecome space charge

limited. Even before thishappens, the atomic dissipationmay destroy the emission siteor, if

there isgas or vapor in the currentpath itmay be ionized. These occurrences would bc seen

as a discharge. Since the increaseof the electricfieldisclearlya necessary conditionfor a

discharge event to occur, Eq. (5.15)can be used to provide a lower bound on the time

between arcs when the electricfieldbuildup time isexpected to be the slowest time in the arc

process. -_

We can write (5.17) in a functional form that depends on the interconnector voltage,

V. We have

TEFEE(Y,Sreal,Seff, fl,V) = '°xp[I
(_¢e-1) Sr_e_ , _ A [S-_¢al j Bfl fl,_o V

I d2 ed2where d-dl+d 2 and _/o -- di-g'd2 ed 1

For the secondary electron yield, we use the well known expression

where E i =

"Yce = ')'max

Vand 0 i = tan -1
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The impact distance d i, field reduction factor *7and side surface capacitance are

functions only of y and were determined by particle in cell simulations. The results are

d1+d 2 an d_¥-d2n=1

where a1=6.9, a2=-21, a3=31 and a4=-14.6,

_=1+ bn
n=l

where b1=0.26, b2=8.07x10 "2, b3=-0.12, b4=0.54 and 2L is the distance to the next triple

junction (or length of the conductor),

Cd Cn d_¥'d2
n=l

n-1 _.

where U d is a normalization constant = 3.80 x 106 F/m 2 and C 1=4.38x10 "3, C2=0.65,

C3=-3.8 , C4=10.86 , C5=13.12, and C6=5.73.

Finally the minimum time between two arcs would be given as

tar c = rio n + ZEFEE (5 -20)

where rio n is the time for ions to recharge the coverglass and adhesive after an arc. Hence,

rion=AQ/eniVion Acell where AQ is the charge lost in the last discharge, n i is the plasma

density, Vio n is the mean speed of the ions entering the sheath over the coverglass and Acell
is the cell surface area.

5.4.1 Procedure for Choosing the Parameters and Calculating the Arc Rate. - In the

previous section we have derived an expression for time between arcs for each emission site.

This expression can be modified in several ways to more realistically model the experimental

situation. First, the recharging of the eoverglass/adhesive after an arc and the build up of

the electric field at an emission site will happen simultaneously rather than sequentially. If

we define V e as the voltage at which the enhanced field electron emission starts to become

significant and V a as the voltage at which the previous arc occurred which lost charge AQ

then the coverglass will have dropped to Va-AQ/C f where Cf is the capacitance of the front
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surface. It will have to recover to V e for enhanced field electron emission to lead to an arc.

Therefore, we can unite

rat c = rain (VeCf-(VaCf-AQ)) + rEFEEfflVe)}eniVionAcell

(5-21)

where the minimization is over all V e such that Va -_Q < V e < V Furthermore, once a
ef

discharge oceurs, the associated plasma cloud will discharge all the emission sites within
some area around the discharging site. To model this, we define

ra + rain {rare} (5-22)

where the minimization is over all sites within some correlation area, Acorr.

The time r a depends on many physical parameters. Some of the parameters can be ._
measured with certainty, for example, the thickness of the coverglass. Others, however, are

either not known well or have not typically been measured. In order to model this we

choose these parameters randomly from an assumed set of probability distribution functions.

The parameters that we choose in this fashion are the charge lost in a discharge AQ, the

plasma density N i, the location of the emission site y, the actual area of the site Sreal, the
effective area of the site Serf and the associated enhancement factor.

Finally, to obtain the arc rate we chose an experiment time, rex. Next, we calculate

the arc interval, ral, from (5.22) for the first arc using the procedure of choosing randomly

the parameters above. After we have ral we determine ra2 by the same procedure and

repeat this process until at the N+ 1th arc we have

"'" raN+ 1 rexral + ra2 + ra3 + >

we then set the arc rate to be R=Nlrex. After the arc rate is determined in this manner, the
entire procedure is repeated until a statistically significant sample of values of R is

accumulated. The average arc rate 1_ for each voltage is then calculated from the set of

values of R.

5.4.2 R_sults for Various Ex_oeriments. - We compose the theory results with an

experiment where, the are rate vs voltage was measured for a configuration where a

coverglass was glued to a kovar backing. To model this we chose the distance between the

edge metal and the edge of the eoverglass as 4 ram, the depth d 1=305t_m, d2=50_m with
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edl/eO=7.3 , ed2/eo=2.75. The work function of the surface is _bw=4.5 eV. The secondary

yield parameters of the glass were taken as those measured for borosilicate glass, i.e.,

3,max=2.4, Emax--400eV. The ion mass in chamber was 40 amu with a coverglass of 1 cm
x 1 cm. The experiment time was 11 min for most of the data points. The density of
emission sites was chosen as 1.5x107 sites/m 2. This is a reasonable value as measured by

experiments which have taken scanning electron micrographs of similar surfaces. If the sites

are taken as uniformly distributed on the metal this gives 17 possible emission close enough

to the 1 cm long triple junction to cause an arc. The real surface area of the emission sites

was chosen randomlx from a distribution such that lOgl0 Sreal was uniformly distributed
from -13 to -9 (in mZ). At the largest sizes this corresponds to 30/_m size inclusion. This

is consistent with the sizes of some of the adhesive nodular seen in previous quarterly

reports. The effective surface areas were chosen randomly, from a distribution such that

log10 Serf was uniformly distributed from -17 to -13 (in m2). The charge loss,_Q, was
chosen uniformly from a uniform distribution between 4.3 x 10-9C and 2.8x10"8C. At the

highest charge loss and the highest voltage this corresponded to almost complete discharge of

the coverzlass. The plasma density was chosen from a uniform distribution between

4x1012m :3 and 6 x 1012m "3. Finally, the field enhancement distribution was taken as

f(fl) oe e-flit° 1 < _ <_ 1000

with/_o = 170.

The result is shown in Figure 83. The theory curve is shown to match the

experimental data over most of the data range, only deviating at the highest voltages. For

the entire range of voltages, the arc rate is dominated by the enhanced field electron

emission. At low voltages, the rate decreases exponentially so that below 290V no arcing

was found in repeated trials. The deviation at the highest voltages may be due to the finite

time gas recycling on the side surface of the coverglass. The model contains the implicit

assumption that no other process will reduce the arcing rate. At the highest frequencies it

may be possible that the gas plume expansion and recharging of the surfaces reduces the rate

at which arcs can happen.

m

97



103 ! I ! !

102

10-1

10-2

A

q_

Z_Z_- Theory Results

10-3 , I

102 103

Voltage

I I ' I

04

B-t}164
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6. CONCLUSIONS

Out examination of solar cell and anodized structural component arcing under

negative bias in an LEO plasma have produced the following conclusions:

lo Primary mode of solar cell arcing observed is dielectric breakdown in cover glass
adhesive.

n Primary discharge mechanism is release of charge to the space plasma via ionization

of desorbed species from the arcing site. Are durations are typically 1 to 5/_s in

duration and produce UV light emission. The intensity of the light emission

correlates linearly with arc current.

3_ Interaction of H20 vapor with adhesive enhances arcing rate - apparently by lowering

dielectric strength.

o Mechanism may be through reduction in effective film thickness due to absorption of

water vapor at dielectric/plasma interface, where adhesive becomes partially

conducting. ._

m Plasma interactions with adhesive enhances surface conductivity - but penetration

depth is probably small compared with film thickness.

1 Plume impact and water dumps on orbiting spacecraft may enhance local H20 levels

and maintain high arc rates well into mission duration.

Q Removal of adhesive film eliminates arcing but will enhance parasitic current

collection along edge of solar cell.

1 Changing coverslip overhang to shield cell edge should reduce arcing and parasitic

current collection.

o Field enhancement o\at tips of whiskers are not responsible for arc initiation.

Insufficient field strength exists for field ionization mechanism to operate.

10. Statistical theory incorporating secondary electron production on dielectric at triple

junction shows promise in explaining are rates observed on PIX II and in laboratory

experiments. Predicted scaling of arc rate with plasma density is confirmed by

laboratory measurements.

11. Are thresholds for anodized aluminum plate are dependent on processing technique

and film thickness. Thresholds of -450 to -650 V are observed for 0.2 mil sulfuric

acid anodizations. Thresholds of approximately -150 V are observed for 0.07 to 0.10

mil thick chromic acid processed samples.

99



12. Arc thresholds on anodized plate can be severely reduced by damage to the coating as

a result of the production of triple junctions exposed to the plasma. Thresholds as
low as -70 V are observed for cut edges and -140 V for simulated

micrometeorite/debris impacts.
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APPENDIX A

Analytical evaluationof theelectric field in the vicinity of the triple junction.

We extendin this sectionthecalculationsthat were presentedin quarterly report 3 (in
which we calculatedthe electric field abovethedielectric) to the evaluationof the fields in
the vicinity of the triple junction. The geometryis shownin Figure 1. A dielectric of
thicknessd is placedabovean infinite planeconductorthat haspotential _c = -V. The
conductoris in thexy planeandhascoordinatez = -d. The dielectrichas infinite extentin
the y direction andcoversthe half planex > 0. The top surfaceof the dielectric is locatedat
z = 0 and has a charge density tr (x). We calculated the potential inside the dielectric when

a (x) was taken to be independent of x, i.e. tr (x) = %. We found

o, r (x-x,)2 + (z + 2d)2] -v (A-la)
%' -xl dx'en L J

2dtr 0 o, [ + (1 + z/2d) 2]
e I do en .v2 .j - v (A-lU)

-PO

where E is the dielectric constant and, in the last step, we defined % = x/2d. The charge

density tro, for a uniformly charged capacitor sustaining a voltage V is

eV (A-2)
% - 41rd

Though Eq (A-lb) gives a good approximation to the field far from the edge of the

dielectric (%> > 1), it needs to be modified somewhat if we wish to calculate the field near

the edge (% < < 1). At the top edge of the dielectric, we calculate the potential by setting z

= 0 and vo = 0 in F_.q (A-lb). We find
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V fen 1+ 1
4,(0,0) = v-T

O

OtO -V

= _ [ + 2 dv -V

2a" o o (v_'+ 1) '

(A-3)

V

2

Now, in the presence of a space plasma the dielectric surface will charge up so that

its potential is near zero everywhere. We must therefore add to ao an extra positive charge

density 6a_x), which goes to zero as x -, oo. It is clear from Eq (A-3) that 6a will vary as
[1 +(x/2d) ]-a. For purposes of calculations we set a = 1 and therefore set:

A
_a - (A-4)

1 +(x/2d) 2

We evaluate A in such a way that 4_ (0,0) = 0. We must have:

2d Aa o Q* 1 [ v2+l] V 2_'dao

e I do _ en ] _ _ (A-5)o l+u2 [ v2 2 e

We change variable by defining

t 2 _ v2

v2+1

We obtain 1

o, 1

i do /n [u2+l] =_2i ent

Therefore A = (in2) -1

- xen2 (A-6)
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We will usein theevaluationof the field near the triple junction, the surfacecharge
density

 =o[11 1]tn 2 1 + (x/2d) 2

The electric potential in space, outside of the dielectric is obtained by evaluating the

integral

4_ (-/') = I e(r') d_ ÷ qbo

Ir - 71 (A-8)

Where p (-_) is a charge distribution due to

a)
b)
c)

Free charges on the surface of the dielectric

Bound charges Po due to the change in the polarization vector

Image charges dfie to the presence of the infinite conductor at z = -d

We have:

where

tap = -V'(ff) (A-9)

E-I (A-IO)

It is easy to show that the sum of contributions (a) and (b) from the top surface of the

dielectric is equivalent to considering an effective surface charge density tro/E, where ao (r')

is the actual surface charge density. The proof is as follows.

We have
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Thus

t..._

V.D = V.(e_) = 4_rp

• _ =PP

IIr-rl

1 D1

Surface

On the vacuum side of the surface we have _2 = D_ = 0. Across the dielectric we have

D'2 -_i = -D'I = 4_r(rft.

Thus

1 I (P+'P) "_ I a "Ir-r'l dr' = dr' 17"-7"1
top surface

If we now take into account the image charges, we obtain Eq (A-la) for the contribution by

the top surface of the dielectric to the potential in the vicinity of the triple junction; with

¢o = -V.

As a first approximation we will neglect the change in polarization inside the

dielectric (we assume uniform _ inside the dielectric) except at the boundary glass-adhesive.
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We assumethe adhesive to be much thinner than the glass cover plate so that we can

evaluate the field at the boundary as being the same as the field at the surface of the

conductor (z = -d).

Setting z = -d in Eq (A-la) we obtain

E (x).'_ = limz_, 0 [ I ]
-V 0

du (A-11)

Thus the contribution from the change in the polarization at the boundary glass-adhesive is:

I

V'P
+ Image contribution

t

Irrl

-p

= - I glass adh _ dA + image contribution (A-12)
t

Irrl

_55 = - !, --, e -1
-- r t41"1r I

dA + Image contribution

Where j_ is given by Eq (A-11). Performing the derivative in Eq (A-11) with respect to z

and letting z--_-d in the result, we find

oo

-,. 2 f or(v)E.j=--
J v2+ 114

-I/0

d i/

Thus
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1(1 1)i21" E Ea t

Oo

_,!(r') a(v)- (v2+ 1/4)
dv + Image contribution (A-13)

We evaluate the integral over v.

"I 1[}T(vo) = J 1 + 1 1 dv (A-14)
-v o en2(l +v 2 ) v2+ 1/4

We have

1 _ A + B I (A+B)v2+(A/4+B) (A-15)

(v2+l)(v2+I/4) (v2+I/4) (v2+I/4) 0,2+1)(v2+ I/4)

By identification with the lefthand side of Eq (A-15) we find A=-B and (A/4+B)=3B/4= 1.

Thus B=-A=4/3. Using the fact that

v2

dv _ 1 tan-1 v v2
I (v2+a2) a a [Vl

(A-16)

v 1

We obtain

We evaluate the surface integrals by first integrating over y. We must group the

contribution from the polarization charge and its image charge in order for the integral to be

bounded. We use the fact that
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d(y-y') = I d(y-y')I (__y,)2+_x_x,)2_(z_z,)2 (__y,)2, c2

For the integral over the polarization charge we set c = el, and for the image charge we set

c = c 2, where

2 = (x_x,)2 [z ÷ (d-_5)] 2 (A-17a)c I ÷

2 _-(x_x,)2[z+ (d-Cc 2 +
(A-17b)

We obtain:

i 1 _ 1 , d(y-y') = en
-** IY-TI 17'-7'"1

(y-y') + ¢(y-y')2+C 12

(y-y') ÷ ¢(y-y')2+C2

+oo

I
--GO

When (y-y') -,. + o. both numerator and denominator tend toward the same limit 2(y-y') and

the logarithm of the ratio is 7 uo. When (y-y') --, -oo, we readily see by expanding the

square root

(y_y,)2+C_ = lY-Y'I

2
c 1

that the logarithm tends toward the limit tn --_.
e2

adhesive-dielectric boundary now becomes:

1+

2(y_y,)2 '

The contribution to the potential due to the
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l111i_ = 2-_ -_-'_a dx' T(vo) en (A-18)

X-X t
Where p - and T(v) is given by Eq (A-16). Combining Eqs (A-la) and (A-18) with

2d

oo in Eq (A-la) replaced by a given by F_.q(A-8), we obtmn the following expression for the
potential in the vicinity of the triple junction.

2de° IX¢ (x,z) - E _

2d

li ai+_ 1--

21"

1
(1 + ) tn

(1 +v2)tn2

T(v) en -V

• [ 2d]

(A-19)

Where we used a new coordinate system centered at the triple junction (fl, see Fig 1).

We note that the integral is zero when Z is set equal to zero and that -OcI,/dx = 0
when Z = O.

We now evaluate the electric field in the vicinity of the triple junction. The electric

field in the X direction is

-Oo %
EX:_ :--- _ - 1 + (l+V1)en2]

en

en

T(v)

(A-20)

where V = -X/2d
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For Z > O the logarithmof thefirst term is positive, sothat thefirst term leadsto a
negativeEx field that is attractingelectronstoward thedielectric. The logarithm of the
secondterm is negativeso that the secondterm gives andattractivecontribution if e> ea and

repulsive if e < ea.

We have

Et = 3_b 2%
0Z e

1!2_- To

2d

T(v)

(1 +v2)en2

(1+ Z) 1,z_1,]
2-/C..--_ :
v +_(1--_) _A-21)

= E1Z + E2Z

We have, to order ((Z/d) 2 < < 1)

"[ /2% IX I+ 1E1Z = e _ l+v2en2

2d

_m T

E

The second term, when expressed in terms of Z, becomes

1

v2+ 1
4

dv

(A-22)

Z 5 Z

2d 2 2d d (A-23)

The integral in Eq (A-23) cannot be performed analytically. In order to obtain

analytical results we approximate T(v) by the ratio of polynomials.
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I(v) - v ÷ a
-v2+bv+c

(A-24)

When v is small, we have, from Eq (A-16)

{ [lb]Expanding I(v)in powers of v, we see that I(v) = a 1 + vc a-c
leads to the relations

a [ 2-=I" 1+
c 3en2

= 6.163 (A-25a)

a{a ] [ 1]c - - + 4 1 + _en2 = 9.771

When v--m, it is easy to see that T(v) decreases toward zero and so does I(v). We need one

more equation to determine a, b, and c. We obtain this equation by calculating T(v) at some

intermediate joint, say v = -1. We have

a-1
T(-1) = 1.20 - (A-25c)

_v2_b+c

The solution of Eqs (A-25a) through (A-25c) is: a = -1.26, b = -0.204 and c =

0.678. A plot of I(v) and T(v) is shown in Figure 2, from which one verifies the goodness

of the fit. I(o) underestimates the actual function by at most 10 percent for -1 < v<0 and

overestimates TOO by at most 10 percent for v <-1.

We thus have

i,- 1.26
T(v) - (A-26)

-v 2 - 0.204b + 0,678

For purpose of integration we can write

114





T(v) = v+a

0,-al) 2 + a2

with a = -1.26, a 1 = 0.678, a2 = 0.597. We can now readily perform the integrals in Eq
(A-23) since the integral is compared in terms of the form

v+a c
X

O,_al)2 + a22 _,2 + d 2

which can easily be decomposed into the sum of two integral fractions

AV +B CV+D
+

(v-al)2+q v2+d 2
(A-27)

After some algebra, we find

a
A =

b 2

2 2 _b 2
a 1 + a2

2 2 2 2 2
(a 1 +a 2 -1)(a+2ab)-2al(a 1 +a 2 -b )

(A-28a)

a (aa2
n _ _

b 2

+ a2) (a+2al b2) A

2 2,_2
a 1 +a 2 -o

(A-28b)

C = -m (A-28c)

D

a +2a I b2A
(A-28d)

The integrals in Eq A-23 are then performed readily, since

115





Av+B

(v-al)2+a 2

A en[(v_al)2+a2] + (Aal+B)a 2 tan-1 [ v-all

J
(A-29a)

and, similarly

(A-29b)
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Devivationof Eqs 28a through 28d.

AV+B.

v+a 1
x

(v_al_2+a 2 _,2+b 2
! Z

Au+B CV+D

(v-al)2+a_ v2+b 2

We have (Av+B)(v2+b 2) + (CV+D) [(g-al)2+a22] = u+a.

v3(A+C)+V2[B+D-2alC] +V[Ab2+CA22-2Dal+Cal 2] + Bb 2 = D(a12+a22) = v + a.

Thus

C = -A

B + D = -2alA

1.2 2 2_
io -a 2-a 1] A-2D = 1

Bb2 + D(a2+4) =a

(1)

(2)

(3)

(4)

We express B and D in terms of A from Eqs (2) and (4).

D(a12+a22-b 2) = (a + 2alb2)A

D

(a + 2a 1 b 2) A

2 2 2
a 1 ÷a 2 -b

from Eq (4)

(5)

a

t 2

a )(a•2alb2)A
2 2 _ b 2

a 1 ÷ a2

(6)
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We insert into Eq (2)

a[ al  a 2 a 2alb2, a 2a b] a12 a22L2-o= -2a 1 A
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